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PREFACE 


This book is an attempt to give the reader some idea of the 
chief advances in physics, mainly “ non-atomic,” that have been 
made during the past few years. Owing to the rapid changes which 
are now taking place in several of the subjects discussed, and the 
fact that approximately 4,000 papers, embodying the results of 
-original work in physics, are published annually, it is impossible 
to write a complete account of all of these advances in all branches. 
One is compelled to select certain parts. It is not an easy matter 
to make such a selection, and the author cannot hope that the 
particular choice, which seems to him the best, will necessarily 
appeal to all readers, but, as far as possible, the selection has been 
made representative of the most important advances. Omissions 
of important results, some of which another author would very 
likely have considered essential to include, are unavoidable. In 
addition, it seemed preferable to describe the parts included in 
some detail,. rather than make the book a mere collection of 
references. 

One cannot divide physics into “ atomic 55 and “ non- 
atomic 55 branches, nor is it desirable that any attempt to do so 
should be made. Indeed, the whole trend of present-day science 
is, as it should be, towards correlation. For this reason some 
so-called “ atomic physics ” has been included. Electro¬ 
magnetic radiations and magnetism are both treated rather 
extensively because the enormous number of facts associated with 
these subjects can be correlated in terms of general principles, 
and the progress of all science is marked by the discovery of 
.relations between facts, apparently unconnected. 
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PREFACE 


Throughout the work numerous references are given in footnotes 
to scientific literature, and these should be consulted by the 
reader who wishes to obtain more detailed information concerning 
any given part of the subject. As the literature has been freely 
utilised, it is hoped that adequate credit has been accorded at the 
appropriate places in the text. A bibliography is given at the 
end of each chapter, and since all such bibliographies must 
necessarily be incomplete, the main principle in the compilation 
has been to include a representative selection in each branch of 
the work. 

F. H. N. 

Exeter. 
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RECENT ADVANCES IN 
PHYSICS 

CHAPTER I 

THE WAVE-LIKE CHARACTER OF MATTER 

1. Introduction. During the past few years it has become 
increasingly evident that the classical theory of radiation is not 
capable of explaining certain classes of phenomena, especially 
those concerned with the interaction between radiation and 
matter. Not that we question in any way the wave character of 
light, as witness the striking successes of this conception in 
explaining polarisation and interference of light, but that there 
are certain other properties of light which cannot be interpreted 
in terms of waves, e.g the phenomenon of photo-electric emission. 
It is imagined that the energy of a beam of light is carried by 
corpuscles, called photons , each having a definite energy, hv , and 
momentum, depending on the frequency v of the light. Disregard¬ 
ing the phenomenon of interference, with which this idea apparently 
conflicts, the photons must possess momentum hvjc , h being 
Planck’s constant and c, the velocity of light. We can then 
explain the observations on light pressure in terms of impinging 
particles. These photons seem to possess as real an existence as 
electrons, or any other particle known in physics. Further 
striking evidence supporting this photon hypothesis was supplied 
by the discovery of the Compton effect * with X-rays. Yet with 
these same X-rays interference experiments can be conducted 
just as well as with ordinary light. 

Formerly, it was generally accepted that electrons, unlike light 
waves, were corpuscular in nature, and moved along definite 


* See Section 23, Chapter VI. 
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paths. Under certain circumstances they can be counted, as they 
pass a point, so that their energy and electric charge are distributed 
discontinuously, at least at certain times. Recent experiments / 
have shown, however, that definite interference effects can he 
obtained with a beam of electrons. 

These facts suggest an intimate connection between waves and 
particles, not only in the case of light, but also in the case of all 
particles. The photons seem to be controlled by waves in a 
manner which cannot be understood from the point of view of 
ordinary mechanics. The same applics to other particles, although 
the influence of the waves on the motion of such particles becomes 
less noticeable as their mass increases. 

The old classical ideas will not account for this behaviour. 
Indeed we must look upon the waves and particles as two abstrac¬ 
tions which we find useful for describing the same physical reality, 
although it is incorrect to picture this reality as containing, at 
one and the same time, both waves and particles. We cannot 
construct any mechanism which, acting according to the classical 
laws, correctly describes their connection and accounts for the 
motion of the particles. This difficulty, together with others 
which arise when the classical theory of electrodynamics is applied 
to atomic phenomena, has been solved by departing fundament¬ 
ally from the laws and concepts of classical mechanics, and 
introducing a new system of mechanics called quantum mechanics. 
It is based on general laws, and although there are very few changes 
made in the classical theory, these changes are fundamental in 
nature, involving the introduction of entirely new concepts. Yet 
at the same time most of the features of the classical theory 
reappear unchanged in the new theory. 

The various formulations of quantum mechanics, proposed by 
different investigators, are to a large extent fundamentally 
equivalent. They include : ^ 

(1) Born and Heisenberg’s matrix theory.* ' 

(2) Schrodinger’s wave mechanics.f 

(3) Dirac’s theory of q numbers.^ 

* Zeits.f. Phys 34, 858 ; 35, 557 (1925-1926). 

t ‘‘Wave Mechanics ** (1928). 

t Proc. Roy. Soc ., A , 109, 642 ; 110, 561 ; 111, 281 (1925-1926). 
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(4) Born and Wiener’s operator theory.* * * § 

(5) The transformation theory, f 

Those under headings (1) and (2) are the commonest, but that 
under (5) is the most comprehensive and far-reaching, as it includes 
the others as special cases. The theories of Heisenberg, Born, 
Jordan and Dirac are essentially those of discontinuities, whereas 
the so-called wave mechanics starts from the basis that all mechanics, 
including quantum mechanics, is ultimately dependent on a wave 
motion, the solution of a mechanical problem being the solution 
of the partial differential equations of an appropriate wave 
motion. Although this is a theory whose basis is essentially one 
of continuity, it is remarkable that the results of the two theories 
are mathematically identical. 

2. Wave Mechanics. The origin of wave mechanics is due to 
de Broglie,J who generalised the idea that a corpuscle, like a 
wave, has a frequency associated with it. He suggested that all 
forms of energy have an atomic structure similar to that of matter, 
and that the atoms of energy are grouped round certain singular 
points, forming electrons, photons and such-like particles. Inspired 
by these new ideas of de Broglie, J Schrodinger § developed a 
theory in which the solution of problems in quantum mechanics 
was made to depend upon the solution of a differential equation, 
the wave equation, in which the energy of the system appeared. 

Now from the Hamiltonian dynamics, upon which the founda¬ 
tions of wave mechanics are built, it can be shown || that the 
motion of a particle in a field of force may be represented as a 
ray of a propagated wave surface. All classical dynamics is 
composed of the motion of particles, and can therefore be equally 
well regarded as wave motions with the energy travelling along 
certain rays, the paths of the particles. The energy velocity of 
the light waves in the optical problem is equal to the energy 
velocity in the dynamical motion of a particle. 

* Zeits.f. Rhys., 36, 174 (1926). 

f Rroc. Roy. Soc ., A., 113, 621 (1927); “ Quantum Mechanics,” Dirac, (1930) ; 
Zeits . /. JPhys., 44, 1 (1927). 

X “ Ondes et mouvements ” (1926). 

§ Loc. cit. 

11 Rroc . Rhys. Soc., 39, 171 (1926). 
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The motion of a particle, adequately described according to 
the classical theory of mechanics by giving its co-ordinates x, 
z, as functions of the time variable, t , is, according to the new 
theory, to be described by considering a definite wave motion 
which occurs among waves of definite frequency and velocity. 
This is a fundamental idea in, wave mechanics, but the statement 
does not necessarily mean that the wave motion really exists. 

If we are to formulate a wave theory of mechanics, valid down 
to atomic dimensions, it must coincide with the Hamiltonian 
theory on the large scale. Sehrodinger made this extension by 
formulating a partial differential equation to govern the changes 
of a new and important quantity */r, ordinarily called the amplitude 
of the matter waves , i.e ., the waves associated with moving particles. 

The wave equation suggests the association of a wave-length 
A == h/mv with the particle, where m is its mass and v 9 its velocity. 
If we agree to measure the wave-length in Angstrom units (A) 
then for a free electron, 

12-25 . 

A units . (1) 

where V is the potential difference through which the electron 
must fall in order to attain the velocity v. Thus, an electron which 
has been accelerated through 150 volts is associated with a wave¬ 
length of nearly 1 A. 

3. Electron Waves. Elsasser * predicted that there would be 
a diffraction of such electrons when they impinge on a crystal, 
such as is used in X-ray diffraction experiments, but Davisson and 
Germer *f were the first to detect experimentally this diffraction 
phenomenon. They directed a narrow beam of electrons against 
the face of a nickel crystal, and observed that under certain con¬ 
ditions a sharply defined beam of electrons left the crystal in the 
direction of regular reflection, the angle of reflection being equal 
to the angle of incidence. The experimental arrangement is 
shown in Fig. 1. The essential parts of the apparatus are the 
44 electron gun,” G, which supplies a steady stream of electrons 
from a filament, the crystal, or target, T, against which the 

* Naturwiss 13, Til (1925). 
t Phys. Rev., 30, 705 (1927). 
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electrons are projected, and the double Faraday box collector, C. 
High-speed electrons, scattered within the small solid angle 
defined by the collector opening, enter the inner box of the col¬ 
lector, and thence pass through a sensitive galvanometer. The 
angle between the axis of the incident beam and the line joining 
the bombarded area with the opening in the collector could be 
varied from 20° to 90°. Also the target could be rotated about 
an axis that coincides with the axis of the incident beam. It was 
thus possible to measure the intensity of the scattering in any 



Fig. X.—Diffraction of electrons. (Davisson and Germer.) 


direction in front of the target, with the exception of directions 
lying within 20° of the incident beam, and to construct curves show¬ 
ing the current received by the collector as a function of the angle. 
Such a curve for an angle of incidence of 30°, and a bombarding 
potential of 83 volts, is shown in Fig. 2. There is a sharp spur 
protruding from the curve exactly in the direction of regular 
reflection. 

Now it will be remembered that X-ray reflection is characterised 
by marked selectivity. If a beam of monochromatic X-rays is 
directed against a crystal face, the intensity of the beam, reflected 
at a certain angle, is very nearly zero, unless the wave-length of 
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the beam is near, or at, one or other of a series of discrete values. 
The same effect is exhibited by electrons. When the intensity of 



Fig. 2.—Experimental arrangement for investigating the scattering 
of electrons by a crystal, and a typical curve showing beam of 
regularly reflected electrons. 



Fig. 3.—Diffraction of electrons. (Different orders.) 

the reflected beam is measured as a function of the speed of 
bombardment, it passes through one maximum after another, as 
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the speed is increased. A curve exhibiting this behaviour is 
shown in Fig. 3. 

Thomson * has studied the diffraction of beams of high-speed 
electrons—15,000 to 60,000 volts—by extremely thin metal foils. 
He observed that electrons of these speeds are diffracted by poly¬ 
crystalline metal in the way familiar to us in the powder form of 
X-ray diffraction. The cross-section of the transmitted beam 
consists of a central spot, surrounded by a number of concentric 
rings. The latter correspond to the rings that would be observed 
if the incident beam were one of X-rays of wave-length equal 



Fig. 4.-—Experimental arrangement for investigating the scattering of 
electrons by thin metal foil. (Thomson.) 


to hjmv, where m is the mass of the electron when moving w r ith a 
speed v. 

The beam of approximately homogeneous cathode rays was 
sent through the thin film at normal incidence and received on a 
photographic plate at some distance behind. The film must be 
so thin that the electron in its passage through it is only scattered 
once, otherwise the pattern will be hopelessly blurred by the 
superposition of deflections, and will appear on the photographic 
plate as a nearly uniform blackening, except perhaps for an 
increased intensity near the place corresponding to the direction of 
the original beam. In the experiments cathode rays, generated 
by an induction coil, in the tube A, Fig. 4, pass through a fine 
* Proc. Roy . Soc ., A ., 117, 600 (1929). 
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tube, B, and film mounted at C. D is the photographic plate and 
can be lowered by means of a magnetic release. 

With films of Al, Au and celluloid the general effect was that of 
a series of concentric rings round the spot made by the undeflected 
beam. In some cases these i ings were of uniform intensity round 
the circumference ; in others the intensity was more or less 
concentrated in a series of spots on the circumference. There 
was no doubt that the whole pattern was due to cathode rays, 
because in the absence of the film only a central spot was seen, 
and a magnet brought up between C and D deflected the whole 
pattern. 

Suppose that the beam of cathode rays is incident at a glancing 
angle 0, on a plane of indices h, k , l , of a small element of crystal. 
According to the usual Bragg formula, it will be selectively reflected 
provided that 2d sin 6 = nA, where d is the distance between the 
successive atom planes and n is an integer. If L is the distance 
of the photographic plate, the diffracted beam will give rise to a 
mark on the plate at a distance Dj 2 from the central spot, where 
D = 4*6L = 2nA L[d, 
assuming 6 to be small. 

If allowance is made for the variation of mass of an electron 
with velocity in the acceleration of the cathode rays, equation (1) 
becomes : 


1200 m 0 c 2 S 

where e is the electronic charge and m 0 , its speed, supposed very 
small compared with the velocity of light. Thus if D is the 
diameter of any given ring, DV* (1 -f- Ve/1,200 m 0 c 2 ) should be 
constant. Thomson found that this was so. 

If a large number of small crystals are present, arranged at 
random, so that some are present at all angles, we shall have a 
ring of diameter given by the above formula for every spacing d 
in the crystal lattice and n = 1, 2, 8, etc. This is the Hull-Debye 
Scherrer pattern for powdered crystals. If the crystals have 
definite orientations with respect to the film, some of these rings 


12-25 /- 

~ Vv yi 
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.wifi^be ^absent. Thus, consider a crystal'll, deposited on a metal 
aim. suppose a (100) face is always approxima reflecting surface so 
e-film surface ; we shall have reflections at (010) and (Oil) faces, 
because the small angle 6 required can be provided by the slight 
divergence of the cathode ray beam and by lack of flatness in the 
film. On the other hand, reflection from (111) face will not appear, 
because the rays would have to make a large angle with the plane 
of the film in order to be incident on face (111) at the small angle 
required by Bragg’s law, nA = 2d sin 9 , remembering that A is of 
the order of l/50th that of d. If, further, crystals are so oriented 
that not merely is one axis perpendicular to the film, but the axes 
in the film are not arranged at random, then the rings which do 
appear will not be of uniform intensity, each direction of the axes 
giving rise, in the case of cubic symmetry, to four spots on the 
circumference of the ring. 

With aluminium films the thickness was probably of the order 
10” 5 cm. Besides an inner ring of diameter D l9 two others of 
diameters D 2 and D z could be distinguished outside it. The 
ratio D 2 /D 1 = 1*40, and D 3 jD 1 — 2-08. These ratios correspond 
to V2 : 1 and 2 : 1. Now aluminium is found from X-ray experi¬ 
ments to have a face-centred cubic lattice. For such a lattice 
the distances d between the planes are given by d — a\(h 2 -f- k 2 -j- 
Z 2 )* where h 9 k, Z, are the indices of the plane and a, the side of the 
unit cube. If some of the quantities h, k, Z, are odd and some even, 
counting zero even, all are to be doubled. Now if one axis is 
perpendicular to the film, the possible planes are those for which 
one index is zero and smallest value of h, k t l are, respectively, 
(100), (110), (120), etc. But D = 2nA L (i h 2 + k 2 + Pf-jci, hence 
doubling the indices when required, we have in succession Da/L\ 
— n4, n4A/2, n4V5, etc. If we put n — 1, 2, in the first, and 
n = 2 in the second, we obtain Da/LX — 4, 4\/2, or 8, i.e ., in the 
ratio 1 : V2 : 2, as found for D 1 : D 2 : D 3 . The value of a works 
out to be 3*8 X 10“ 8 cm., and by X-ray analysis its value is 
4*046 X 10~ 8 cm. 

Thomson * has also described the cathode ray diffraction 


* Proc. Roy. SocA. 9 125, 352 (1929). 
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mg^metals : silver, lead, iron, nickel, and 4 
tube, B, and film mcgj. en of these, nickel shows an unexpected^, 
structure, namely, hexagonal closest packing, the rest give result^ ' 
in full agreement with the structures deduced from X-ray analysis 
of the metals, except for certain films formed from lead and iron, 
which probably contained compounds. He measured the slowest 
speed of rays for which rings were visible, the voltage varying 
from 10,500 to 15,500, the higher voltages being required for the 
thicker films. Attempts to get rings with 300-volt electrons were 
unsuccessful. 

By photometric measurements of the diffraction rings in gold 
a curve was deduced giving the variation of wave scattering with 
angle for the individual atoms. The curve obtained falls much 
more steeply than the corresponding X-ray curve. 

Rupp * used a ruled grating to diffract the electrons. A 
beam was allowed to fall at almost grazing incidence upon a 
grating of speculum metal with 1,300 rulings per cm. The regu¬ 
larly reflected beam was caught upon a photographic plate, which 
recorded diffracted beams up to the third order. The electrons 
came from barium oxide and passing through three slits in series, 
fell upon a grating from which the beam passed on to the photo¬ 
graphic plate. About forty photographic records were made, 
there being three different angles of incidence with the grating 
and three distinct velocities of the electrons, determined by the 
voltage through which they fell. The entire apparatus was in a 
vacuum. The results obtained agreed with de Broglie’s formula. 

Other experiments by Rupp *j* show that as the angle of incidence 
decreases the proportion of electrons reflected at the equal angle 
of reflection increases (silver) ; that the electrons reflected regularly 
without energy loss increase in quantity with decrease in electron 
velocity, the angle of incidence being kept constant; that for 
elements in the same vertical column of the periodic table the 
intensity of the reflection maximum increases with decreasing 
ordinal number. Definite experimental proof of the total reflection 
of electrons was provided by an experiment in which the incident 

* Zeits.f. Phys ., 52, 8 (1928). See also Ann. d. Phys., 9, 458 (1931). 
t Phys. Zeits 30, 935 (1929). 
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beam impinged on a thin wedge of nickel, deposited on a metal 
(Cu) or insulator (KC1). On displacing the reflecting surface so 
that the point of incidence moved along the metal wedge, the 
intensity of the reflected electrons showed, for angles of incidence 
in the neighbourhood of 80°, a characteristic maximum which 
was due to total reflection of the electrons at the interface Ni-Cu 
or Ni-KCl, respectively. 

Kikuchi * has obtained some remarkable photographs of the 
diffraction of high-speed electrons by mica. The molecules in 
the cleavage face of mica form a triangular array, and in some 
photographs the patterns are just those which would be formed if 
the diffracting system were a single layer of molecules. The 
specimen was, however, fifty or more layers in thickness, and it is 
interesting to know how a crystal comprising so many layers can 
produce the pattern of a two-dimensional grating. A possible 
explanation is to be found in the lack of coherence among the 
waves proceeding from the different layers. The wave-lengths of 
the waves used in test experiments were only about l/200th of the 
distance between the successive layers of molecules, so that only 
very slight departures from the normal spacing are sufficient to 
produce complete incoherence and the observed pattern. Such 
departures are easily imagined in a crystal which cleaves as 
readily as mica, and in a thin specimen which has been subjected to 
considerable manipulation. As the thickness of the crystal is 
increased, there is a gradual development of the features char¬ 
acteristic of diffraction by three-dimensional gratings. 

In connection with these results Bragg and Kirchner f have 
shown, from certain experiments on electron diffraction by very 
small crystals, that the third condition for interference, namely, 
that depending on the repeat of the crystal pattern in the direction 
of the incident beam, disappears, giving a two-dimensional grating 
effect. This condition becomes inoperative for a crystal of thick¬ 
ness equal to 100 A units. 

4. Refraction of Electrons. Davisson and Germer found that 
the diffracted electron beams did not coincide in direction exactly 

* Imp. Acad. Tokyo, Proc., 4, 354, 471 (1928). 

f Nature , 127, 738 (1931). 
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with any of the principal Taue beams, i.e. } they did not appear to 
be regularly reflected from any of the principal planes of the crystal. 
This was shown to be due to the refracting nature of the crystal for 
electrons. 

Imagine a beam of radiation incident normally upon the surface 
of a crystal, of which the refractive index is n. The wave-length 
outside the crystal being A that inside it is A' where A' = X[n. 
There is no change in direction as the beam enters the crystal, 
and the beam of wave-length A' meets a certain set of atom planes 



Fig. 5.—Diffraction and refraction of electrons by a crystal. 

at an angle 0, Fig. 5. A regularly reflected beam moves off from 
these planes provided that : 

A' = (2d cos 6)1 n. 

This beam meets the crystal surface at an angle 2 9 , but is refracted 
on passing through the surface, and leaves the crystal in the 
direction 9\ The beam issuing from the crystal appears there¬ 
fore not to be regularly reflected from any of the principal planes. 
Treating the electron radiation as if it were light, and writing 
n = A/A' = sin 9'[sin 29, 

we have, 

A' = A sin 20/sin 6\ 
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By Bragg’s law, 

A' = (2d cos 9)/n. 

Equating these expressions for A' and solving for A we obtain : 

A — (2d cos 6 sin <9')/n sin 2$. 

Writing 2 sin 6 cos 6 for sin 2 9 and eliminating 2 cos 6 , this reduces 
to 

A = (d sin 0')/n sin 8. 

Since dj sin 6 — D, the distance between adjacent atoms in the 
surface of the crystal, A = D sin 8' /n. This is an extremely useful 
relation, as it enables the wave-length of the diffracted beam to be 
calculated (provided its order n is known) from the distance 
between lines of atoms in the surface of the crystal and the angle 
at which the beam emerges. In one case for the nickel crystal, 
the beam was observed, when the bombarding potential was 54 
volts, at 6' — 50°. Since D =2*15 A, the wave-length of the 
46 54-volt electrons ” should be given by : 

A = 2*15 n sin 50° == 1*65 n. 

But this was the first beam to appear, so that n = 1 and A = 
1*65 A. From equation (1), A == 1*67 A, which is in good agree¬ 
ment with the experimentally determined value. 

Davisson and Germer plotted the intensity of the reflected 
electron beam for an angle of incidence of 10° against the inverse 
wave-length of the electron waves, and obtained a curve charac¬ 
terised by a series of maxima at nearly equal intervals. We can 
now calculate the positions these maxima would occupy if the 
refractive index of nickel for electrons were unity. Substituting 
for d and 8 their values 2*03 A and 10° in the relationships, A — 
12*2 5/\/V = 2d cos 8/n , we find \/V — n X 3*06. If the refrac¬ 
tive index were unity, therefore, the maxima should be found at 
these values of *\/V. The positions of the maxima thus determined 
are shown in Fig. 3. 

The observed maxima lie to the left of the calculated positions, 
the displacement decreasing, however, toward the higher orders. 
This is the type of displacement to be expected if the refractive 
index of the nickel for electrons is greater than unity. We can. 
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in fact, use these displacements to calculate values of the refractive 
index. The more general form of the Bragg formula, applicable 
to the case in which the index is not unity, is :— 

12-25 


Using this formula and the data now available, it is found that 
the refractive index approaches unity as the speed of the electrons 
is increased. These results indicate that the purely geometrical 
differences between the reflection and diffraction of X-rays on the 
one hand, and of electrons on the other, disappear for electrons of 
high speed. 

Evidence of refraction of electron beams has also been found by 
Rupp,* using rather low-speed electrons and thin films of poly¬ 
crystalline metal. The diameters of the diffraction rings, observed 
in these experiments, differ slightly from those computed from the 
constants of the crystals and equation (1). Rupp ascribes these 
differences to refraction and uses their values to calculate the 
refractive „ indices of metals. The interpretation which Rupp 
gives to his observations has, however, been questioned by 
Thomson, who shows that refraction may be expected to produce 
a much smaller effect in experiments of the type made by Rupp and 
by himself than Rupp supposes. 

5. Polarisation of the Waves. The close analogy between the 
properties of the waves associated with electrons, etc., and electro¬ 
magnetic waves has led investigators to search for polarisation 
in these waves. Davisson and Germer reflected a beam of 
electrons successively from the faces of two nickel crystals, the 
angle of incidence at each reflection being 45°. The twice 
reflected beam was received in a Faraday box collector, and its 
intensity measured as the second reflector and the collector were 
rotated about the beam proceeding from the first crystal to the 
second one. If the electron waves are polarised by reflection, we 
should expect the current entering the collector to be a maximum 
when the planes of incidence of the two reflections are parallel, and 

* Ann. d. JPhys., 1, 773 (1929). 
f Loc.cit . 
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a minimum when they are at right angles. The result found was 
that within the limits of uncertainty—about 0*5 per cent.—the 
current of electrons which survives the two reflections without loss 
of energy is independent of the azimuth of the second reflector. 
This result is in accord with a prediction made by Darwin, who has 
used Dirac’s equations of the electron in considering the question 
of polarisation. 

Similar tests have been made by Joffre and Arsenieva * with 
polycrystalline targets of various materials, and Wolf f has 
tested for polarisation by reflection in a magnetic field. In both 
cases the results were negative. 

On the whole the polarisation of the waves appears doubtful at 
present, but investigations are still in progress. 

6 . The Applications of Electronic Diffraction. Electron diffrac¬ 
tion ojiens new possibilities for the examinat ion of surface struc¬ 
ture., and in this respect electrons have two advantages over X- 
rays. They penetrate less deeply, and the interaction between the 
electrons and the atoms of the experimental body is more intimate 
than that occurring in the case of X-rays. Germer J and Rupp § 
found that the effect of allowing gas to come into contact with a 
nickel surface was to diminish the intensity of the diffraction 
maxima, due to layers of gas molecules covering the surface. 
From his results Germer concluded that the gas atoms form a 
single layer arranged like the atoms of the crystal, but with a 
double separation, and situated at a depth of 3A below the first 
layer of nickel atoms. Rupp’s experiments indicate that a layer 
of hydrogen gas on nickel undergoes a change during the course of 
time. He describes the process as a “ surface loosening.” There 
was no interaction between argon and nickel, but results were 
obtained in the case of hydrogen on other metals which resembled 
those with hydrogen on nickel. In other experiments a stream of 
electrons was generated by an incandescent wire and allowed to 
fall at a definite angle on to the surface of the crystal. The 
reflected electrons were measured, and the determination was 

* Comptes Rendus, 188, 152 (1929). 
t Zeits.f. Phys 52, 314 (1928). 
t Ibid., 54, 408 (1929). 

§ Ann. d . Phys., 5, 453 (1930). 
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repeated for the same surface upon which hydrogen, nitrogen and 
hydrogen sulphide had been adsorbed. The crystals used were 
single nickel crystals and pure iron, and the method was utilised to 
show the effect of nickel and iron as catalysts in the formation of 
ammonia. 

Thomson * has used electron diffraction to investigate surface 
layers of unknown composition. The nature of the patterns 
produced enables the crystalline structure of the surface to be 
determined. Polished and etched metals gave no pattern, nor did 
electro-deposited gold, or copper. It seems that almost any 
smooth surface, which has recently undergone chemical change, 
will give a diffraction pattern corresponding to the new crystal 
structure. Single crystals of calcite, galena and rock salt gave 
diffraction patterns of spots. 

Boas and Rupp f utilised slow electrons for electron diffraction 
by oxygen-coated tungsten. The oxygen layer on tungsten was 
found to have the properties attributed by Langmuir to a mono- 
.molecular layer of oxygen. 

Buhl and Rupp J have shown that reproducible interference 
patterns are produced when electrons are reflected from oil 
surfaces. 

The diffraction of electrons has been rendered visible on a 
fluorescent screen when such diffraction is effected by transmission 
through microcrystalline powders. Dauvillier has extended this 
method to thin films of organic materials and used it for their 
structural analysis, but the method is only applicable if the films 
are extremely thin, and do not sensibly absorb the electrons. The 
results show the possibility of the method for analysis of colloidal 
or fibrous materials, electronic analysis of this character permitting_ 
the study of a single m icrocrystal. 

Another interesting problem connected with electron waves is 
that of the relative intensities of the various beams constituting 
the electron diffraction pattern. The study of intensities in X-ray 
diffraction patterns enables us to infer the distribution of electron 

* Proc, Roy. SocA 128 , 649 ( 1930 ); Joum. Sci . Inst., 8 , 173 ( 1931 ). 

f Ann . d. Phys 7 , 983 ( 1931 ). 

t Zeits.f . Phys. t 67 , 572 ( 1931 ) 




WAVE CHARACTERISTICS OF ATOMS 


17 


charge within the unit cell of the crystal, and the like analysis in 
the case of electrons should enable us to infer the distribution of 
electrostatic potential. A theoretical basis for the interpretation 
of results of this kind has been suggested by Bethe.* * * § 

7. The Wave Characteristics of Free Atoms and Molecules. 
Experiments designed to show the wave characteristics of free 
atoms and molecules have been tried by several investigators. 
Ellett and Olson f reflected cadmium and mercury atoms from 
crystals of rock salt and found specular reflection. This might be 
regarded as the zero order diffraction beam, but no higher orders 
were found. Knauer and Stern J reflected hydrogen and helium 
molecules from polished surfaces of steel and glass, and detected 
regular reflection at very small angles, as would have been 
expected if the phenomenon were that of the reflection of waves of 
h 

wave-length, A — —, and the surface were rough to the order of 

10~ 5 cm. These same molecules were found to be specularly 
reflected from cleavage surfaces of rock salt. 

Johnson § reflected monatomic hydrogen from rock salt 
crystals and observed a sharply defined specular beam, but it was 
surrounded by such an intense diffuse background, arising, for the 
most part, from atoms having a cosine distribution, that it could 
not be said with certainty whether diffraction bands were, or were 
not, present. 

Recently, Estermann and Stern || have investigated the reflection 
of helium and hydrogen from NaCl and LiF crystals, and found 
diffraction bands from the cross grating formed by the rows of 
similar ions on the surface of the crystal. The positions of the 
maxima of these bands were in practically complete agreement 
with the angles calculated from the first order diffraction of the 
most probable wave-length. Johnson ^[, also, in later experiments 
has obtained diffraction effects with atomic hydrogen, using 

* Ann. d. Phys., 87, 55 (1928). 

f Phys. Rev., 31, 643 (1927). 

t Zeits.f. Phys., 53, 779 (1929). 

§ Journ. Prank . Inst., 206, 301 (1928). 

|| Zeits.f. Phys., 61, 95 (1930). 

If Journ. Frank. Inst., 210, 135 (1930) ; Phys . Rev., 37, 847 (1931). 
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crystals of LiF, thus providing further proof of the wave character 
of a beam of atoms. 

Ellett, Olson and Zahl * found that beams of mercury, cadmium 
and arsenic atoms, incident upon clean cleavage surfaces of rock 
salt, give rise to specularly reflected beams. A beam specularly 
reflected from a first crystal is specularly reflected at a second one 
if incident upon it at the same angle at which reflection from the 
first takes place. If the angles are nearly equal there is still some 
specular reflection at the second crystal, but the intensity of the 
reflected beam decreases with increasing difference of angles and the 
incident beam is scattered at random. A beam of cadmium atoms, 
issuing from a boiler at 440° C. and striking a rock-salt crystal 
at an angle of 45°, gives rise to a reflected beam containing about 
IT per cent, of the incident atoms. The intensity of the beams 
specularly reflected at 22-5° and 67-5° are in the ratio 1 : 1*88. 

Taylor f reflected beams of lithium, potassium and caesium atoms 
from crystals of sodium chloride and lithium fluoride. Although 
0*01 per cent, of specular reflection could have been detected, no 
trace of such a reflection or diffraction was found. 

Sawyer J has studied the reflection of lithium ions from reflectors 
of platinum foil and nickel crystals deposited on tungsten foil. 
Readings were taken with both cold and hot reflectors. Super¬ 
posed on a diffuse scattering of ions were two reflected beams. 
One was reflected nearly specularly, the angle of maximum 
reflection being independent of accelerating potential, but the 
other appeared only at voltages above 200 and was composed of 
ions most of which had retained 80 per cent, or more of their 
original energy. This beam was observed between the incident 
beam and the normal to the surface, at angles independent of the 
accelerating potential up to 700 volts. Sawyer suggests that this 
independence of angle on voltage forbids diffraction interpre¬ 
tations. A tentative explanation is to suppose specular reflection 
from the (110) planes of the nickel crystals, but it is not entirely 
satisfactory. 


* JPhys . Rev., 34, 493 (1929). 
f Ibid., 35, 375 (1930). 
t Ibid., 35, 1090 (1930). 
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8. The Existence of Waves. The question whether the waves, 
which we associate with particles, exist in the same manner that 
waves of light exist cannot be answered definitely, but various 
views have been expressed. Schrodinger suggested that the 
electron is a group of waves which he calls a “ wave packet.” It 
is difficult to understand how such a structure preserves its 
identity, and why it is not dispersed when it is diffracted by a 
crystal. 

It has been suggested that the particle is a singularity in a 
wave, and this idea can be developed in the case of uniform motion, 
but it is impossible to generalise it. De Broglie also imagined 
that the particle and the wave were associated so that the former 
was guided by the latter, the wave acting as a pilot for the particle. 

Wilson * supposes that a particle such as a photon, or electron, 
is practically identical with the group of waves associated with it, 
the energy and momentum being spread out over the group and 
not concentrated at a point. When the group is stopped, or 
absorbed, it contracts to small dimensions and so becomes a 
particle. It cannot be divided by reflection, or by passing 
through a small aperture in an opaque screen, but must be either 
all stopped or all transmitted. The group of waves must be 
regarded as a material entity, and the wave theory considered 
as an approximation, in so far as it now seems to require wave 
groups to be divided by reflection and other similar processes 
which do not involve any change of frequency. 

The point of view which appears at present most satisfactory 
is one that supposes the wave to have no physical significance, 
«/f, a solution of the wave equation being a probability function. 
The patterns observed in the diffraction of electrons experiments 
are a representation of probabilities, the electrons falling accord¬ 
ing to definite probability laws into the places where they are 
seen in the patterns. 

In conclusion, we have to admit that in both matter and 
radiation there exists a duality of wave and particle, the wave 
character being more obvious the lighter the particle. The 
nature of this duality is, as yet, by no means understood. 

* Rhys. Rev 35, 948 (1930). 
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CHAPTER II 


STATISTICAL MECHANICS 

1. Introduction. A macroscopic state is one determined by 
quantities such as temperature and pressure, and can be measured 
by ordinary apparatus, whereas a microscopic state is one deter¬ 
mined by the position and motion of all the parts of a substance, 
however small. A gas at a given temperature and pressure is in a 
definite macroscopic state, but its constituent molecules are in 
kinetic motion, so that its microscopic state is continually chang¬ 
ing, and in a very short interval it includes an enormous number 
of different microscopic states, yet its macroscopic state can remain 
sensibly constant. This is explained by supposing that of all the 
possible microscopic states the vast majority correspond to values 
of the macroscopic quantities which differ inappreciably from the 
constant values. If the substance is not in a state of macroscopic 
equilibrium, its state changes until equilibrium is reached. Now 
the number of microscopic states, corresponding to any state 
differing appreciably from the macroscopic state, must be very 
small compared with the whole number of possible microscopic 
states, and the chance of the substance remaining an appreciable 
time in such a state must also be very small. Hence we infer that 
the substance changes to the equilibrium macroscopic state 
because the state corresponds to nearly all possible. microscopic 
states, and this change involves an increase in the number of the 
latter states. Thus the equilibrium state is one for which the 
number of microscopic states is a maximum. From these con¬ 
siderations it is evident that the behaviour of a substance, if it 
consists of a very large number of individual particles, must be 
attributed to the ensemble , or assemblage as a whole, and the 
statistical method of investigation must be employed. In dealing 
with the assemblage by this method we do, in effect, fix the position 
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of each particle, but with a certain latitude, and in the same way 
we assign a velocity to each, but again with a certain latitude. 
We use a function which represents the number of particles, * 
assumed to be situated in each small element of volume, and 
the number assumed to have momenta within a small hut 
definite range of momentum. 

A function of this kind is known as a distribution function. 
It is usually written in the form : 

dN =/(*, y, z, p x , p y , p z ,) dx dy dz dp x dp y dp z , 

where dN is the number of particles having co-ordinates between 
x and x + dx, etc., and components of momentum between p x and 
p x + dp& etc ‘ The Product, dx dy dz, is a volume element in 
co-ordinate-space, and dp x dp y dp z , a volume element in momentum- 
space, and we define the product dx dy dz dp x dp y dp z as a volume 
element in phase-space, so that f defines the distribution in this 
phase-space of six dimensions. In the case of photons the 
distribution in the co-ordinate-space is uniform and we can 
derive the distribution in the three-dimensional momentum- 
space. 

2. State, or Phase, Space of a System. Suppose that the micro¬ 
scopic state of the system is defined by co-ordinates, q x , q 2 , . . . q n , 
and corresponding momenta, p x , p 2 , . . . p n , associated with these 
co-ordinates. We have 2 n quantities which we may regard as 
the co-ordinates of a point in a space of 2 n dimensions. This 
representative point will move along a closed curve, if the motion 
of the system is periodic, and will continue to do so as long as the 
energy of the system is constant. The space of 2 n dimensions 
is called the state, or phase , space of the system, and if the state of 
the system is determined by its energy, the motion of the point 
round the curve does not involve a change in the state of the 
system. 

If we have a large number N of such similar systems, and 
represent the state of each one in the 2n-dimensional space by a 
representative point, the N points will describe curves in the space. 
The microscopic state of the ensemble can be regarded as deter¬ 
mined by the energy distribution among the N systems, and we 
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can, imagine surfaces, or regions, in the state-space which are 
characterised by constant energy content. All systems, having 
the same energy, will thus have representative points moving on 
the same surface. From classical dynamics we should expect an 
infinite number of such regions, or surfaces, but, according to the 
quantum theory, only certain definite values of the energy of a 
system are permitted, and, therefore, on this theory, the number 
of surfaces would be limited. Thus the state-space will be divided 
into finite regions. 

A change in the energy of one of the systems is represented by 
its point jumping from one surface to another, the two surfaces 
corresponding to the two values of the energy of the system. The 
point cannot occupy positions intermediate between surfaces. 
These jumps are attributed to actions occurring between the 
systems, or between the systems and radiation energy which an 
ensemble of atoms always shows. 

3. The New Statistics. The basis of classical statistics is that if 
particles in space have identities, there are different ways of 
arranging the particles in the same distribution. One starts with 
an arrangement compatible with the prescribed distribution, e.g 
A 7 1 identical particles in one group, N 2 in another, etc., and then 
obtains all the other arrangements by interchanging particles ad 
libitum among the groups, every one of the latter always containing 
the same number as it had at first. 

When classical statistics is applied to an assembly of particles 
for which the relation between energy, €, and momentum, p, is 
e — cp, as it is for radiation, i.e., photons, instead of e = p 2 /2m, 
as for mass particles, m being the mass of the particle, the energy 
distribution predicted is entirely different from that determined 
experimentally. 

In the new statistics Bose * and Einstein *j* consider a volume 
V of a monatomic gas, and assume that corresponding to each of 
the atoms in the volume, there is drawn from a common origin 
a vector whose components are the three components p x , p yi p z , 
of its momentum p s . Since the state of each atom is defined by 

* Zeits.f. Phys 26, 178 (1924). 

•f Sitz. Preuss. Akad. Wiss., 22, 261 (1924). 



24 


STATISTICAL MECHANICS 


its co-ordinates ( x , y, z) and momentum p s , the volume of the 
phase-space containing momenta in the range p s — p s ~\~dp s is 


mi dx dy dz dp x dp y dp z 

17 IfJ dPx dPy dp *’ or ’ v 4,7rPs ( x ) 

Introducing Planck’s elementary quantum of energy, h , we may 
divide the phase-space into cells of volume h 3 , so that the number 
of cells corresponding to the momentum range dp s is : 


and each possible energy state corresponds to a unit cell of volume 
h z jV in this momentum-space. 

Since the kinetic energy, €, of the atom is given by € = p 2 /2m, 
the number of possible energy states, Q, or cells, within the energy > 


range € and e + de is given by : 

V 

Q(e, € -f- de) = 27r(2m)^€-de.(2) 

Bose and Einstein assume that ato ms can be 


associated with each uni t cell of volume h?[V. On the other hand, 
the statistics put forward by Fermi * and by Dirac,']' although 
involving the same fundamental assumptions as those of Bose, 
postulate that the number of atoms associated with a given unit 
cell can only be 1, or 0, and that either number is equally probable. 
At higher temperatures, where the momenta are large, there is 
practically no restriction placed on the possible momenta. At 
low temperatures the cells near the origin of the momentum-space 
are nearly all filled, and there is a very distinct limitation on the 
possible momenta. At absolute zero all the cells nearest the 
origin are filled, but there is still a very definite energy, or zero- 
point energy in the gas. The latter is then said to be completely 
degenerate , a state which will now be more fully described. 

An ideal gas may be defined as one which follows the equation : 

p = i 

* Zeits.f. Phys ., 36, 902 (1926). 
t Proc . Roy SocA., 112, 661 (1926). 
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where p is the pressure, n i the number of molecules per c.c. and h> 
Boltzmann’s constant. Any actual gas departs from this law 
owing to the finite size of its molecules and the forces of attraction 
and repulsion between them. For many years, however, it has 
seemed probable that even a gas which had no imperfection in 
this sense would nevertheless still show a departure from the law 
at high pressure and low temperature, either or both. In statistical 
mechanics this accompanies a departure from Maxwellian dis¬ 
tribution of molecular velocities, and is the degeneracy of a gas. 


tu 



Fig. 6.—Relation between energy and temperature of a degenerate gas. 

The full line in Fig. 6 shows the relation between energy and 
temperature of a degenerate gas. The dotted part extending 
through the origin shows the relation in a non-degenerate gas. 
E 0 is termed the zero-point energy , or mil energy. 

As shown later the criterion of degeneracy is : 

n 

where n is nov^ the number of atoms * per unit volume and ra, the 
mass of an atom. Hence the temperature at which degeneracy 
first becomes felt varies as n*/m. It is about 5° K. (absolute) 
for helium gas, and so if we imagine a gas consisting entirely of 
* The gas is assumed to be monatomic. 
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free electrons, degeneracy would be complete at 36,000° K., for 
the same number of electrons as helium atoms per unit volume. 

4. The Distribution Function in a Degenerate Gas. Fermi 
examined the way in which the energy E of a gas partitions itself 
among N atoms in the following manner. Let Q s be the 
number of energy states (cells) between e s and € s + de 8 , and let N s 
be the number of atoms distributed among these states. Then, 
according to Fermi’s postulate, 

• < Q s .(3) 

In addition, 

N =%N S ; E = % *.<, . (4) 

The number of ways in which the N s atoms can be distributed 
under these conditions among the Q s states is : 

Q±L 

N S /(Q S — N S )!’ 

and the number of ways, W, in which the N atoms can be dis¬ 
tributed among all the states is given by : 


w = TT 

Using Stirling’s theorem. 


Qs-' 


>N S /(Q S ~N S )/ 


(5) 


log W = — [n s log Q - ~ Ns + Qs log - • (6) 

Now the entropy of the gas, <£, is given by : 


<f> ~k log W, 

and in the actual distribution, N and E must be stationary and W, 
a maximum. Thus from equation (6), 

S (log W) = ^(log SN s = 0. \ 


Also, SN s = 0 ; X. ** SN: = 0. 

Using undetermined multipliers : 

S,[ lo g^7^-a-^]siv e = o , 
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where a and. j3 are arbitrary coefficients. If this is true whatever 
the value of 8N S , then we must have, 


N, 

or, N s 

In addition, we have, 


log — — — a — = 0, 


Q s 


+ 1 


Qs 


E 


o + 1 ■“'o e' 

Hence combining equations (2) and (7), 

N s = N (., « + dt) 


-+ 1 


(7) 


( 8 ) 


V 2tt (2 mf —r*?* ■ ■ = F (e) . (9) 


h z 


+ 1 


At low densities and for large values of € this should agree with •' 
the Maxwellian distribution, which may be written in the form : 4 

Ke de 


where K is a constant. This agreement holds if p = ljkT. 

We now proceed to evaluate a. Since N — ^ N s and 

00 

E = we have from equation (9), 


and 



V 3 i 



N 

= -27r(2my j 

€ a + */*r i ]_ • • 

0 

• • (10) 


V , 1 

r 


E 

= £8 2w(2m)= 

I go. + «/*r _|_ x • • 

• • (11) 


Put e/kT = x s and, 


F(a) = 


2 f x~dx 

Vtt J e' + x + l 


6(a) 


4 f x^dx 


• • ( 12 ) 
• • ( 13 ) 
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Then, instead of equations (10) and (11) we get : 


F(2t jmkTf w N 
N = -- • F(a), 


and 


E 


h 3 

8 (ZirmkT)* 


3 G(a) 


(14) 

(15) 


For very large positive values of a, corresponding to densities and 
temperatures where the gas is not degenerate, we can obtain F(a) 
and G(a) in the form of series, thus : 


e —2« g —3a 

F(a) = e~~°- — —p- + , .... (16) 


e — 2a e — 3a 

G(a) = e~ a - p- + -p -...... (17) 


so that to a first approximation, F(a) = G(a) = e 
(14) and (15) reduce to : 

rv (2irmJcT)%-\ 

a=log Liv — V >—J ’ • 


L , and equations 


(18) 


3 

and E = — NJcT, 

A 

as in the classical statistics. 

When a assumes large negative values, i.e at low temperatures, 
corresponding to strong degeneration, both F(a) and G(a) assume 
asymptotic forms, viz.. 


F(a) 


G(a) = 


4 

, S-\/Ti 
8 




15^77 


*) § [~ 


1 4- 


5t r 2 

8^ 2 




so that substituting for F(a) in equation (14), 


i/6Ary h 2 r 16^/v ' i 

B\nv) mkT L 3 \6 ‘ NJ h 4 + ' * j * 


(19) 

( 20 ) 

( 21 ) 


Substituting these results in equation ( 15 ) we see that there is a 
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nul-point energy, i.e., the energy does not vanish at T — (h The 
value of this nul-point energy, E Qi is given by : 


Eo ^ _S_ /6\ s h a m § 

iV 40 m \v) 


• ( 22 ) 


If we differentiate equation (15) with respect to T s we obtain 
the specific heat at constant volume C v (per gram-atom). 


L dE / 47r\^ 7 T 2 L?nk 2 T 

° v = NdT \3/ 


■ ■ (23) 


where L is the number of atoms per gram-atom, n being the number 
of atoms per c.c. Hence the specific heat is proportional to the 
absolute temperature and vanishes at the absolute zero in accord¬ 
ance with Nernst’s Heat Theorem. 

If a is large and positive, the distribution law, equation (10), 
differs little from the Maxwellian law. This is so for all ordinary 
gases, except at very low temperatures or very high pressures. 
The condition for proximity to, or large divergence from, the 
Maxwellian law is obtained from equation (18). Thus, 


N h 3 


(I) a large and positive, 
tion is Maxwellian. 

. _ _ , , F(2t rmkTf 

(II) cl large and negative, %.e., —-—- 


> 1. 




The distribu- 

t 

The distribu¬ 


tion is non-Maxwellian. 

The first condition is satisfied for ordinary gases at normal 
temperatures and pressures. When the second condition is 
satisfied we see from equation (7) that N s = Q g , approximately, 
and every cell is filled. The assembly is degenerate. 

5. Comparison of the Statistics Theories. We may illustrate the 
essential difference between the three statistics by means of the 
following simple example.* Suppose that there are only two 
members of an ensemble and only two cells in the phase-space. 
The characteristic feature of the classical statistics is that each 
member is assumed to have an identity, and each is as likely to 
be in one cell as in another. There are thus four possible arrange- 
* See Lennard-Jones, JProc . Phys 
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ments as shown in Fig. 7, and each is to be counted in assigning 
a probability to the distribution. In the Bose-Einstein statistics, 
however, the members of the ensemble lose their identity, and 
attention is concentrated on the cell rather than on the individual 
members of the ensemble . In the figure, therefore, we represent 
the members by indistinguishable points. Each cell may have any 
number of points, and so the total number of possible arrangements 
is three. In the Fermi-Dirac statistics, on the other hand, not 
more than one representative point is to be in any one cell, with 
the result that in this simple case only one arrangement is possible. 
When there are a large number of cells, and comparatively few 
points to arrange in them, there is no essential difference between 


CLASSICAL 


B05E-EINSTEIM 

FERMI* 



Fig. 7.—Comparison of statistics theories. 


the three methods, because the likelihood of any cell containing 
more than one point is very small. It is when the number of 
points is comparable with the number of cells that the three 
methods lead to divergent results. Brillouin * has also given a 
method of discriminating between the three cases. 

6. Application of Fermi-Dirac Statistics to the Electron Theory 
of Metals. The present view concerning the various properties 
of metals, such as specific heat, photo-electricity, thermo-electricity, 
etc., is that all these properties can be explained if we conceive a 
piece of metal as a region containing free electrons and sur¬ 
rounded by a boundary-surface ; these free electrons may be 
looked upon as forming a perfect gas, an idea which is tantamount 
to ignoring the atoms, to supposing the metal a vacuum inhabited 


Comptes Rendus, 184, 589 (1927). 
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by free electrons only. This is by no means a new idea, but in the 
past, when classical statistics was applied to the electron gas, it 
was found impossible to choose a value for the number of electrons 
per unit volume, n , which would predict values for the various 
properties of metals in agreement with the experimental ones. 
For example, if the value of n was assumed to be large, the pre¬ 
dicted value of the specific heat was too large, while if n were 
reduced to meet this objection, other predictions were impaired. 
For these reasons the “ electron gas ” theory was discredited to 
some extent. 

Sommerfeld,* however, has recently revived the electron theory 
of metals, based on a greatly simplified model of the interior of a 
metal as a region of uniform potential, positive relative to free 
space, so that work is required to extract an electron from rest in 
the metal to rest at infinity. The electrons, however, are not all 
at rest, but form practically a perfect gas, a gas, however, at such 
a concentration that they are almost tightly packed, and obey the 
Fermi-Dirac statistics. It is assumed that the number of free 
electrons per unit volume is equal to the number of atoms per 
N 

unit volume. Thus, -^is of the order 10 22 , or 10 23 , per c.c., and we 
find that for T — 300°K, 

V (277 -mkTf 

N ~ h 3 = 2 X 10 4 , approximately. 

In other words, a is large and negative and, therefore, according 
to the conditions set forth in Section 4, the distribution in the 
electron gas is non-Maxwellian, and the gas itself is degenerate. 
It is the small mass of the electron which differentiates it from 
ordinary gas atoms and leads to this result. One important 
consequence of this application of the new statistics is that the 
contribution of the electrons to the specific heat is negligibly small. $ 
This disposes of a well-known difficulty in the electron theory of 
metals, and constitutes one of the most striking successes of the new 
statistics. Sommerfeld calculates that the pressure exerted by 
the electrons is of the order 2 x 10 5 atmospheres. 

* Zeits.f. Phys., 47, 1, 43 (1928). 
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7 . Zero-point Energy and Specific Heat. If we are to attribute 
the phenomena connected with the flow of electricity in metals to 
the presence in the metal of a number of free electrons, of the § 
order of 1 per atom, on the theory of the equipartition of energy the 
free electrons ought to share in the heat motions of the atoms, and, i 
therefore, to reveal their presence in specific heat measurements. 
This they have failed to do. It is a well-known fact that metals 
obey, more or less, the law of Dulong and Petit and that the whole 
of the specific heat is accounted for as atomic heat. The application 
of the Fermi-Dirac statistics has accounted for this apparent 
contradiction. We have shown, previously, that an electron gas 
should show signs of becoming degenerate at temperatures of the 
order 36,000° C. At ordinary temperatures degeneration will be 
practically complete, and the average energy of the electrons will 
be very near the zero-point energy. 

The statistics developed have referred to atoms which possess 
no energy beyond their energy of translation. - Goudsmit and 
Uhlenbeck,* however, supposed the electron to be spinning about 
an axis like a top or planet, so that the spinning electron has 
energy of rotation as well as translational energy and, therefore, in 
a magnetic field will set itself with its axis of spin in the direction 
of the field. But its rotation may be in either of two directions 
about that axis. Since the angular momentum is perfectly 
definite in either case, the electron may exist in two, and only two, 
states, i.e ., it has what we may term statistical weight two. The 
natural extension of the Fermi-Dirac statistics to the case of the 
electron is to allow two electrons, one in each direction of spin, in 
each cell of the momentum space. This leads us to replace n by * 
w/2 in the formula for the zero-point energy and for the specific 
heat. 

On substituting numerical values in equation (22) we obtain for 
the zero-point energy of the electrons in sodium : 

E 0 

-y X 10 12 ergs. 

This is the energy which an electron would possess at 15,000° C. 

e, 117, 264 (1926). | 
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on the old equipartition of energy theory. The corresponding 
voltage is 2 volts. As for the specific heat we find on substituting 
numerical values in equation (23) that the contribution of the 
electrons at ordinary temperatures is of the order of 1 /100th of that 
of the atoms. Hence we should not expect to detect it in any 
specific heat measurements at ordinary temperatures. 

8. The Fermi Distribution for an Electron Gas. The distribu¬ 
tion function, F(e), for an electron gas is obtained from equations 
(9) and (21), remembering that owing to the spin of the electron 



Fig. 8. —Distribution of energy among electrons in a metal. 
(Fermi-Dirae statistics.) 

N/V or n , the number of electrons per unit volume, becomes nj 2. 
Thus, 

V e* dc- 

, 6 N 

where 

When T is zero, the exponential term in the expression for jF(e) is 
either infinity or zero, according as the variable e is greater, or less, 
than Hence the density of the electrons in phase-space is 

zero for all values of the energy greater than The correspond- 



STATISTICAL MECHANICS 


ing speed, v m , of tlie fastest electrons is obtained from imv m 2 = pp. ; 
and, therefore, is given by the expression : 

h / 3 ri\* 

771 \8tt/ 

No electrons of energy greater than W i are present in the metal. \ 
Plotted as a function of €, the distribution function F{e) in 
energy is at first a parabolic curve, convex upward, dropping to 
zero abruptly at e = JV i9 Fig. B, and thenceforth coinciding with 
the e axis. As the temperature rises Sommerfeld has shown that 
the discontinuities in the curve are gradually rounded off. We 
may assume that a complete degeneration distribution exists even 
at room temperature. In practice, the values of W i are large, * 
viz., 5-6 volts for silver, 5*7 for tungsten, 2*1 for potassium, and 
3-2 for sodium. Thus in the case of silver, for example, the 
electrons are distributed throughout a range of energies extending 
from zero to 5*6 volts, whereas if they were distributed according 
to the Maxwellian law they would be distributed about a mean 
energy of, approximately, 0*02 volt. This example emphasises 
the difference between the old and new statistics as applied to an 
electron gas. 

9. The Susceptibility of Metals. It is a well-known fact that 
many metals, especially the alkalis, exhibit only slight para¬ 
magnetic’ properties, and the susceptibility is practically inde¬ 
pendent of temperature. All attempts to construct a theory on 
classical lines have led to a variation of susceptibility with 
• temperature. Recently, however, Pauli * has explained the 
I observed facts on the assumption that the magnetic properties are ^ 
5 due to free electrons in the metal, the electron possessing a 
magnetic moment by virtue of its spin. He deduces the following 
formula for the susceptibility per unit volume, Xv> of the electron 
gas, 

( 7A * 

= 12 1" J ^ 2 — approximately, 

where p, is the magnetic moment of the electron due to its spin. 
Thus the susceptibility of the electron gas is constant and inde- 

* Zeits.f. JPhys 41, 81 (1927). 



SUSCEPTIBILITY OF METALS 


35 


pendent of the magnetising field. Substituting numerical values 
for the constants we obtain, 

Xv = 2-209 X 10~ 14 nK 

The question arises whether the susceptibility of a metal is due 
entirely to the electron gas within it. The magnetisation of an 
ordinary paramagnetic metal is a threefold effect, involving the 
orientation of the electrons, the orientation of the atoms, and the 
alteration of the electron orbits in the atom which gives rise to 
diamagnetism. Spectroscopic data show that the magnetic 
moment of an alkali atom, with its valence electron removed, is 
zero, so that there remain the other effects, the diamagnetic 
effect increasing with atomic number. 

Although the value of x v deduced above is for absolute zero, the 
susceptibility of the electron gas remains practically the same up to 
room temperatures, and it is known'that the susceptibility of the 
alkali metals is independent of temperature, a fact which led Pauli 
to investigate the paramagnetism of the electron gas. If the 
latter were governed by classical statistics, the susceptibility of a 
metal would increase as the temperature decreased and attain 
very great values near the absolute zero. 

Pauli has calculated the susceptibility of the electron gas in the 
alkali metals on the assumption that there is one free electron 
per atom. The calculated values agree as well as can be expected 
with the experimental results, but as shown in the following table 
there are large discrepancies between various observed values :— 


Element. 

J Mass (SPEcmc) Susceptibility x 10® 

Pauli 

(calculated). 

Owen.* 

Sucksmith.f 

McLennan.!: 

Lane.§ 

Ti 

— 

0*50 

_ 



Na 

0-68 

0-50 

0*59 

0-59 

0-65 

K 

0-60 

0-58 

0-51 

0-45 

0-54 

Rb 

0-32 

0-076 

0*07 

0-17 

0-21 

Cs 

0-23 

—1*0 

—0-05 

0-18 

0*22 


* Ann. d. Phys 37, 657 (1912). 
t Phil. Mag., 2, 21 (1926). 

$ Proc. Roy . Soc., A., 116, 468 (1927). 

§ Phil. Mag., 8, 354 (1929) ; Phys. Rev., 35, 977 (1930). 


2 - 2 



36 


STATISTICAL MECHANICS 


An interesting feature is the wide divergence between the 
experimental and calculated values for rubidium, especially in 
view of the fact that the agreement between theory -and experi¬ 
ment in the cases of sodium, potassium and caesium is remarkably ^ 
close. In this respect, then, rubidium seems to be anomalous. 

The only factor in Pauli’s formula which might conceivably be 
incorrect is n. In order to bring the theoretical value into agree¬ 
ment with the observed one it would be necessary to suppose that 
n is actually about one-third its present accepted value, or, rather, 

; for some reason, only about one-third the number of free electrons 
per unit volume contribute to the paramagnetism. Of course, we 
should not expect very close agreement with the Pauli formula 
since the latter neglects certain factors which should contribute to * 
the susceptibility, viz . : (1) the diamagnetic effect of the atom 
cores ; (2) a possible diamagnetic induction effect of the free 
electrons. We are at present unable to make any definite state¬ 
ment about the magnitude of these effects since no satisfactory 
theory for them has appeared. Rosenfeld * has estimated the 
diamagnetic effect of the cores as a function of the lattice potential, 
but since only the order of this quantity is known, the correction 
appears rather uncertain. In any event no data whatever exist 
for the alkali metals. 

The Pauli theory can only be considered as provisional, since in 
its present form it is quite unable to account for at least two 
important facts, namely, the observations of McLennan, Ruedy 
and Cohen f on the variation of susceptibility with orientation in 
single crystals of zinc and cadmium, and the observations of Lane J 
on the sudden change in susceptibility in passing over from the 
v solid to the liquid state in the case of caesium. 

The free electrons must interact to some extent, and in a com¬ 
plete theory this interaction must be taken into account. 

McLennan’s results show that the susceptibilities of the alkali 
metals are approximately constant from room temperature down 
to —190° C. At the melting point there is an abrupt but small 

* Naiurwiss ., 17, 49 (1929). 
f JProc. Roy . Soc., A 121, 9 (1928). 
t Phil* Mag., 8, 354 (1929). 
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decrease, and above, a gradual increase in the susceptibility with 
temperature. 

10. Electrical Conduction. Sommerfeld has considered the 
whole electron theory of metals in the light of the new statistics, 
and obtained the following formula for the electrical conductivity, 
cr, of metals :— 

877 e 2 Z /3nV“ 

3 h \8 ttJ 

where l , the mean free path of the electrons, is assumed to be a 
function of their kinetic velocity, v. 

The classical theory gives : 

4 e 2 ln 

3 (2 

and experiment shows that o- is inversely proportional to T. 

Houston * treated the electrons as waves in accordance with the 
views put forward in the previous chapter, the equivalent wave¬ 
length being about 5A. Departing from the usual custom of 
considering encounters between electrons and atoms, he calculated 
the scattering of the electron waves by atomic centres, taking into 
account the heat motion of the atoms. He found, as a result, that 
the electrical conductivity varied inversely as the temperature at 
normal temperatures, and inversely as the square of the tempera¬ 
ture at very low temperatures. Thus, his theory is in accord 
with facts at high temperatures, and indicates, what is the 
case, that there is a rapid increase in the conductivity at low 
temperatures, but this calculated increase is not as great as that 
found experimentally. In spite of this, however, the theory is 
more successful than any other in its interpretation of the 
dependence of electrical conductivity on temperature. It fails, 
as do all the others, to account for the phenomenon of super¬ 
conductivity . 

11. Thermal Conduction. Sommerfeld, adopting the Fermi 
distribution function, calculated the net rate of flow of kinetic 


♦ Zeits.f. Fhys ., 48, 449 (1928). 
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energy, borne by electrons, through unit area perpendicular to the 
temperature gradient, and obtained the following expression : 

8 tt 3 lk 2 T /3n\§ dT 

h 877 dec’ 

where the coefficient of dTjdx is, by definition, the thermal con¬ 
ductivity, k. Thus, 

8t7 3 lk 2 T /3wV 

K = “9“ ‘ h \8 tt) ’ 

whereas the classical theory gives : 

8 lnk*T l 
K = 3 (2-77TO) 4 ’ 

Neither formula agrees with the experimental fact that k is 
independent of temperature, although both, like those for a, 
involve the more or less disposable constants, n and l. 

For the ratio of thermal to electrical conductivity, the old 
statistics and the new give expressions involving nothing but T, 
and the ratio of the universal constants k and e. They differ only 
by a small numerical factor, thus : 

— = 2 (k/e) 2 T. Classical statistics. 

(j 

K 77 2 

— = — (/c/e) 2 T. Fermi statistics. 

<T O 

— = (3 . . . 3 ‘5)(k/e) 2 T. Experimental results. 

cr 

The numerical factor in the ratio - is closer, according to the 

cr 

new statistics, to the experimental value than that of any previous 
theoretical formula. For many metals the value of k/ct at 291° 
absolute is 7-11 x 10 -11 , whereas the value according to Sommer- 
feld’s calculation is 7*1 x 10 ~^ 11 . This agreement seems too 
satisfactory and may be partly accidental. Both the classical and 
Sommerfeld’s theories require that the ratio be proportional to T> 
and this requirement is satisfied over wide temperature ranges. At 
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low temperatures, however, there is marked divergence between 
calculated and experimental values. 

12. Potential Difference. If the number of electrons per unit 
volume in a metal varies from point to point, we should expect the 
electrons to diffuse from regions of higher to regions of lower 
density, unless they are impeded by some force. There is such 
a force, X, i.e., an internal electric field, which prevents this diffu¬ 
sion, and Sommerfeld * has shown that the acceleration, eXjm of 
an electron, which this force produces, is given by : 

eX __ (H Y -I — 
m 3m 2 \8ttJ U dx‘ 

Integrating, 

- *<*.- »*> - - v »> - §. [(§)'- (§01 ' < 26 > 

or, from equation (25). 

- v* = l [_(W t ) A - (Wi)*] , . . . (27) 

where V A is the potential at x A and V B at x B . Thus, if at any two 
points, A and B, the number of electrons per unit volume are n A 
and n B , respectively, there is an internal potential difference equal 
to V, — V B between these two points. 

We may obtain this result in a simple manner as follows : The 
maximum energy possessed by the electrons at the point A is, 
from equation (25), 

— ( 'g^V 

2 m \ 87 t ) * 

and a similar expression represents the maximum energy of the 
electrons at B, although, as Fowler f has pointed out, e max is not 
an absolute maximum, but simply a value which is exceeded only 
by a very small proportion of the electrons. Hence, there will be 
a change in the energy of an electron, possessing this maximum 
energy, when the electron is removed from A to B, and equating 

* Loc. cit. 

t Froc. Boy. SocA., 118, 229 (1928). 
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this change to the electrical work done, viz., e(VjL — V B ), equation 
(26) follows immediately. 

Let us now imagine two pieces of different metals welded to- ^ 
gether, and that the process of welding does not alter the concen¬ 
tration of the electrons in either metal at points removed from the - 
weld. If A and B, Fig. 9, are two such points, A in one metal and 
B in the other, then the internal, or intrinsic, potential difference 
between A and B is given by equation (26). This presupposes 
that the number of electrons per unit volume is not the same in the 

two metals, a supposition that 
is justified if the number of 
electrons is equal to the 
number of atoms per unit 
volume. 

The classical statistics also 
predicts an internal potential 
difference, but the value is 
different from that obtained 
according to the Fermi-Dirac 
statistics. 

Although it is impossible 
to measure this potential 
Fig. 9.—Intrinsic potential difference difference, thermo-e 1 e c t r i c 
and contact potential difference. phenomena indicate that it 

exists. In the case of silver and potassium, for example, if we 
assume that in each unit volume of these metals there are as 
many electrons as atoms, and if this state of affairs still persists 
when the metals are joined, then between the interiors of the 
metals, across the junction, there must be, according to the 
new statistics, a potential difference of 4-2 volts, with potassium 
negative. The classical theory gives a result, 0*04 volt, which is 
considerably lower. 

This intrinsic potential difference is not a measure of the con¬ 
tact potential difference, the so-called Volta-ejfect , between a pair 
of metals, as may be shown in the following way. 

The electrons belonging to the interior electron gas will bombard 
the boundary-surface of the metal, and if they possess an energy 




POTENTIAL DIFFERENCE 


41 


component, \ mi’ 0 2 , normal to the surface greater than a constant, 
W a> they will escape from the metal. Hence, the condition for 
escape is:- imv 0 * = W a . 


Wa is called the external work function. It is the work required to 
overcome the attraction of the positive charges in the metal for the 
electrons. It corresponds, therefore, to the energy required to 
remove an electron, initially at rest, from the metal, or it may be 
regarded as a retarding potential fall at the metal surface. Thus, 
if W represents the w r ork required to remove a free electron from a 
point in a metal, where the number of electrons per unit volume is 
n Ai into the space outside, we have. 


W 


w„ 


2m \ 


8tt ) ’ 


or, from equation (25), 


Now consider two points, C and D, Fig. 9, close to two metals of 
which one set of junctions have been welded together. W l9 the 
work done in removing an electron from A to C, via the surface S l5 
is :— 

Wi = {W a ) x ~ 

where the suffix 1 refers to the first metal and suffix A to the point 
A. The work, W 2i required to remove an electron from A, via the 
weld and the surface S 2 to T> is :— 

W, = (W a ) 2 - (W i ) A + (W t ) A - 
Hence the potential difference between C and D is :—* 

e . - W *) = \ j .. ;)i - (W.)J - J (28) 

and this is the contact potential difference between the two 
metals. It is quite different from the internal potential difference, 
equation (27). 

We have assumed that there is a sharp potential fall at the metal 
surface, and beyond the surface is the equipotential region of 
outer space. Several investigators,* however, have conceived the 

* See Fowler and Nordheim, Proc. Roy. Soc., A , 119,173 (1928) ; Nordheim, 
Phys. Zeits ., 30, 177 (1929) ; Furth, Zeiis.f, Phys., 68, 735 (1931). 
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region, beyond the surface to be one in which there is an electric 
field* the strength of which is a function of the distance from the 
surface. If this is so, W a is the integral of this field strength from 1 
the surface to infinity. | 

The measurement of the contact potential difference between 
two metallic surfaces is a subject which has attracted the 
attention of experimenters for many years. Unfortunately, the 
values obtained have been most inconsistent, chiefly on account 
of the great difficulty of keeping metal surfaces free from con¬ 
taminating films. The great amount of experimental work with 
thermionic tubes during the last fifteen years has emphasised the 
difficulty of keeping hot filaments free from surface contamination, jf 
and when the surfaces used are cold, as is usually the case in con¬ 
tact potential, this difficulty is increased. 

Langmuir and Kingdon * made contact potential measurements 
between filamentary electrodes, which could be easily cleaned by 
heating. Moreover, by working with adsorbed films, the surface 
of a single filament could be brought into different states, and 
the contact potential differences between these states determined. 
The method of preparation of the surfaces was as follows : The 
tungsten (W) surface was prepared by flashing for a short time at 
a high temperature. By letting oxygen come into contact with the 
cleaned cold filament, a tungsten surface with adsorbed oxygen 
(OW) was prepared. A cesium-tungsten surface (CsW) was 
similarly prepared by letting caesium vapour deposit on the 
cleaned, cold filament. For a csesium-oxygen-tungsten surface 
(CsOW) an oxygen layer was first formed on the cleaned filament, * 
sometimes by adsorption with the filament cold, and sometimes by 
heating the filament for 1 second at about 2,000° K. in a low 
pressure of oxygen. Caesium was then allowed to deposit on this 
surface. 

The average values of contact potential were : 

CsOW — W : 8 1 volts. ThW — W : 1*46 volts. 

CsW — W: 2*8 „ W — OW: 0*8 „ | 

The ThW symbol refers to a thorium film on the tungsten filament. | 
* Phys. Bez\, 34, 129 (1929). ? 
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In each case the surface on the left is positive to the one on the 
right. 

The contact potential differences, AN, are connected with the 
thermionic constants for the various surfaces by the relation * : 
AN = <f>i — </>2 (T/ 11600) log {A^jA^), 

where <j>i an d <£ 2 are work functions of the two surfaces, 
expressed in volts, T, the temperature, and A x and A% are the 
values of the A constant of the thermionic emission equation. 
The observed values of the contact potential between various 
surfaces, together with the values calculated by means of this 
equation, are shown below :— 


Surfaces. 

AV (calculated) 
volts. 

AV (observed) 
volts. 

ThW—W 

1*81 

1*46 

CsOW—W 

3*55 

3*1 

W-OW 

4*12 

0*8 


The contact potential differences were calculated for a tempera¬ 
ture of 300° K., since the filaments were not heated. The agree¬ 
ment is not good, and in no case was there any indication of a 
contact potential difference of 4-volts between tungsten and 
oxidised tungsten. The disagreement between the calculated and 
experimental values may be due to the fact that the electron 
emission constants, used in the calculation, were determined at 
elevated temperatures, whereas the contact potential differences 
were calculated for room temperature. 

Kosters j has also recently measured the contact potential of 
tungsten, tantalum, molybdenum, nickel, copper and chromium 
in high vacuum, the tube containing the metals being cooled in 
liquid air. He found that heating the metals to remove the 
occluded and adsorbed gases caused first an increase, and then a 
decrease of the surface potential, but the total variation was not 
more than a few tenths of a volt, and the final value remained 

* Richardson, “ Emission of Electricity from Hot Bodies,” p. 41 ('1921). 
f Zeits,f. JPkys., 66, 807 (1930). 
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constant for many hours. With tungsten, tantalum, and ' 
molybdenum the potentials were constant and readily repro- > 
ducible, and were in quantitative agreement with the work of f 
electronic separation, as calculated from thermionic emission | 
experiments. Kosters concludes from this that the contact 
potential of a substance is a true constant and not merely a result 
of the condition of the surface. Other measurements with nickel 
—copper and chromium—tungsten were less satisfactory. 

Recently, Dubois* in measuring the contact potential has found 
that the metal shows at first, for heating at moderate temperatures, 
a variation of potential in the positive sense, called the positive 
variation. When heated at higher temperatures, there is then 
produced a variation of potential in the inverse sense, called the 
negative variation. Also there occurs after each heating, in the 
positive sense, a variation of potential with time. The first two 
variations are due to the driving off of impurities, of which the 
two principal are probably oxygen and water vapour. Traces of 
alkaline salt can render a metal more electro-positive. The 
variation with time corresponds probably to a diminution of the 
density of the electronic emission of the pure metal. 

Polednik f has determined the contact potential of various 


Metal. 

Contact Potential in Volts with Itespect to 

Quartz. 

Glass. 

Platinum 


-b 2-22 

4- 1*15 

Iron 


4- 1*99 

4- 1*15 

Copper 


+ 1-60 

+ 0-58 

Gold 


4- 1-60 

+ 0-58 

Silver 


4- 1-42 

4- 0*58 

Aluminium 


4- 0-93 

4- 0*14 

Magnesium 


4- 0-93 

4- 0-14 

Zinc 


4- 0-45 

— 0-29 

Lead 


4- 0-16 

— 0-60 

Tin 


— 0*30 

— 1-14 


* Ann. de Phys ., 14, 627 (1930). 
t Zeits. f. Phys., 66, 619 (1930). 
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metals with respect to quartz and glass in a vacuum of the order 
of 10~ 5 mm. of mercury. The results, which can be successfully 
repeated to a considerable degree of accuracy, are exhibited in the 
table above. 

13. Thermionics. The emission of electricity from hot bodies 
has been investigated, theoretically, by Sommerfeld who deduced 
the equation for emission by means of the Fermi-Dirac distribution 
function for an electron gas. It is assumed that the thermionic 
current is produced by all those electrons which strike the 
boundary-surface of the metal with velocities, such that the 
components normal to the surface, v 9 are greater than those 
corresponding to the relation : 

%mv 2 > W a . 

Denoting by F(€ y )de N the number of electrons having normal 
energies between and e# + de N which strike unit area per unit 
time, the relation deduced is of the form : 

F{e N ) = kT log (1 + e <*jr - 

Hence F(e x ) = (W i — e N )for - - « 0, 

4t7rm 

= ~T<r approximately, for e N ~ W i9 


For values of € v > W . the distribution curve follows the Maxwellian 
distribution law, which is in agreement with observations on the 
velocity distribution for the electrons emitted from a hot cathode. 

By forming the integral of F {e N )d(= N for the limits v = v Q to 
u = esc 5 and for the limits of u and w the values 0 and oo , where 
u and w are the other velocity components, thV electron current, 
per unit area, 7, is obtained in the form : 


7 = 


1 e~( W a ~ 


(29) 
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where g is a factor to which has been assigned the value 2 by 
Fowler * on the basis of the hypothesis of electron spin. 

Assuming the Maxwellian distribution law for the electrons 
within the metal, I is given by : 

1 - (£n? {kTf . (30) ' 

Richardson derived an equation of the form : 

I = AT 2 e- b °l T .(31) 

on the basis of the quantum theory, where the value of A has been 
deduced by Dushman J to be equal to 

277 e?nk 2 

* 

Comparing equations (29) and (81) we see that they differ in two 
respects, 

(1) The presence of the factor g. 

(2) The substitution in the exponential factor of the classical 

& 0 by (W-.-Wi)/*. 

However, the fact that both classical thermodynamics and the 
Fermi-Dirac statistics lead to the same value for the coefficient of 
T 2 , except for the factor g, is extremely significant. Apparently 
the statistical method does not indicate any reason for deviations 
in the observed value of this coefficient from the theoretical value. 

According to Sommerfeld’s derivation of the equation for 
emission, it is assumed that all the electrons in the metal reaching 
the inner wall with normal energy greater than W a are transmitted. 
But Nordheim § has shown from considerations based on the 
application of wave mechanics, that, in general, some of the 
electrons will be reflected at the boundary. The transmission 
coefficient is a function &£ the normal kinetic energy e#. Accord¬ 
ingly, Fowler || suggested that, 

2 _ (1 _ r) {kT) 2 e~ ( - w a - . . . (32) 

* Proc. Roy. Soc ., A, 117, 549 (1928). 
f Phil. Mag., 28, 633 (1914). 
t Phys. Rev., 21, 623 (1923). 

§ Loc. cit. 

[j Loc. cit. 
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where r is the fraction of the electrons reflected at the boundary 
from those incident on the metal from the gas phase ; r may 
depend on the temperature. 

Now the numerical value of 27Tmek 2 /h z , when the current is 
reckoned in amperes per square centimetre, is approximately 60, 
and it has been found that the best determinations of the electronic 
emission for the metals tungsten, molybdenum, tantalum and 
platinum, in a very pure state, agree very well with this value, 
that is, with making g (1 —r) = 1. The emission observed, 
however, from metals affected by surface impurities, e.g ., thoriated 
—tungsten filaments and oxide-coated filaments used in Wehnelt 
cathodes, do not agree with this value, but require smaller values, 
as small sometimes as 3 amperes per square centimetre. According 
to the classical theory the reflection coefficient r is practically 
zero, whereas direct experiments never suggested a zero reflection, 
but rather a value of the order of The present theory is 
far more satisfactory in suggesting that taking, as we have done 
hitherto, g equal to 2, the minimum value of r is about and occurs 
for perfectly clean metallic surfaces. The maximum remains, 
as before, at 1, and the theory is then in full accord with direct 
experiment. 

An interesting feature of equation (32) is that the coefficient 
27remk z Jh z is independent of the nature of the metal, a principle 
originally derived by Richardson * from the laws of thermo¬ 
dynamics, whereas the exponential factor, like b 0 in the equation 
derived from classical thermodynamics, depends upon the nature 
of the emitting surface. 

14. Photo-electricity. According to the quantum theory, the 
photo-electric effect results when a quantum of light energy is 
given to an electron originally at rest in a metal. The electron 
may then escape from the metal, after suffering a reduction in its 
kinetic energy of at least W a at the boundary-surface of the metal. 
It may also lose energy on its way to the surface. According to 
classical statistics, the electron, if it belonged originally to an 
electron gas, would possess negligible energy compared with that 
given to it by the quantum, but according to the new statistics 

* See Richardson, “ Emission of Electricity from Hot Bodies,” pp. 55, 170. 
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theory the electrons possess energy ranging up to W i9 so that if | 
v 0 is the frequency of the incident radiation, the electrons most j 
easily removed 'will be ejected from the metal if, j 



In general, a quantum of radiation, frequency v, strikes the 
metal and is absorbed by one of the free electrons, of energy e. 
This is not a possible process for genuine free electrons, but there 



is nothing to prevent its happening in the metal. The electron 
then has energy hv + e, and can escape from the metal with 
energy e' where, 

J hv + € - W a . 

Since € ^5 W i9 we have, 

J hv ~ (W a ~ WJ ^hv- hw 

In other words, there is a sharp photo-electric threshold, of fre¬ 
quency v 0 , and no electrons are emitted if the frequency of the 
incident radiation is below this value as given by equation (S3). 
The sharpness of the limit comes from the almost complete 
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absence of electrons, at these temperatures, with energy greater 
than TF-, together with the distribution law for the energies of the 
bound electrons. 

The number with energies between e and e -f- de is, from equa¬ 
tion (10), proportional to e*de. If the electrons, of any energy, 
are approximately equally likely to absorb the quantum of 
v-radiation, and we ignore energy changes subsequent to absorp¬ 
tion, we get a spectrum of emitted electrons with the energy 
distribution, shown in Fig. 10. All electrons represented by the 
area ABCD can reach the required critical velocity on absorp¬ 
tion of the radiation, hence the observed sharp photo-electric 
threshold at frequency v 0 , and the increase in emission as v is 
increased beyond v 0 . In practice BC is not exactly a vertical 
straight line, but a rapidly falling exponential curve, since a 
more exact formula for the various numbers of electrons of 
energy e, at temperature T, and therefore of photo-electrons of 
energy c', on the foregoing assumptions is, equation (24), 

47r 3 €^de 

w ( € )d e = -p (2 mf- - {c - v 

where e = e -f- hv — W a . 

Since W i and hv 0 are of the order of 5 volts, WJkT is approxi¬ 
mately 200 at room temperature. Thus, in the photo-electric 
current, electrons of energy greater than hv — hv 0 by 1 per cent, 
of hv 0 are infrequent, and greater by 3 per cent., 400 times less 
frequent than the commonest. Hence the frequency threshold is 
equally sharp. 

Shifts of the photo-electric thresholds are produced by strong 
accelerating electric fields, and are of interest since they involve 
changes of the work function of a surface, without alterations of 
the other important characteristics of the metal. It is found 
that the form of the photo-electric sensitivity—frequency 
curve changes with the thresholds in intense fields. Thresholds 
are not sharp, but approach the frequency axis tangentially. 
Lawrence and Linford * used fields as high as 63,000 volts per 
centimetre, which shifted photo-electric thresholds towards the 


Rhys T Rev„ 36, 482 (1930), 
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red, the shifts being approximately proportional to the square I 
roots of the applied fields. Their observations are in excellent j 
agreement with the theory of the photo-electric effect, based on | 
the Fermi-Dirac distribution of electrons in metals. 1 

15. Electron Emission in Intense Electrical Fields. A veryf 
intense electrical field, applied near the surface of a metal, extracts f 
electrons from the metal, even when it is cold. This phenomenon J 
is often referred to as a cold discharge. The current varies very 
rapidly with the applied voltage, but under proper conditions s 
it is reproducible and is a continuous function of the applied ! 
voltage over a wide range. At a given voltage the currents 
are independent of the temperature, but as the higher tempera- % 
tures, at which ordinary thermionic emission begins, are ’ 
approached, the strong field emission does become sensitive to 
temperature, and finally blends into the thermionic emission.* 

An approximate theory of the effect was first developed by 
Schottky,| and recently the theory has been considered afresh by 
Richardson J and by Houston.§ For low temperatures Millikan 
and Lauritsen || suggest the formula : 


where I is the electronic current, X , the field strength, C, a 
constant and b , another constant the value of which can be obtained 
from thermionic data. 

At higher temperatures the formula becomes : 

I = A(T + c^Xye-W + c * x) , .... (34) 

where A and c x are constants. 

Millikan and Lauritsen assert that a distinction should be 
drawn between the electrons which can function as thermions, and 
the ordinary conduction electrons which yield the emission at 
great field strengths and are absolutely independent of the tempera¬ 
ture. Fowler and Nordheim query this statement. Using 

* See Millikan and Eyring, Phys. Rev., 27, 51 (1926). 
t Zeits . /. Rhys., 14, 80 (1923). 
j Proc. Roy. Soc., A, 117, 719 (1928). 

§ Zeits. f. Phys., 47, 33 (1928). 

|| Proc. Nat. Acad. Sci., 14, 45 (1928). 
ir Proc. Roy. Soc., A, 119, 173 (1928). 




THERMO-ELECTRIC PHENOMENA 


51 


Sommerfeld’s picture of a metal they fail to find any theoretical 
justification for equation (34). A single set of free electrons, 
distributed according to the Fermi-Dirac statistics, suffices for 
both purposes. They make the cold emission begin to be sensitive 
with fields of rather more than 10 7 volts per cm., so that the 
emission would be already very large for fields of the order 10 s 
volts per cm. These values, higher than those commonly found 
in experiments, are taken to indicate measurable emission for 
values of X about 10 6 volts per cm. The absolute determination 
of X is, however, very difficult, owing to the large effect of minute 
surface irregularities, near which are found higher values of X 
than those derived from the geometry of the apparatus. There is 
also the possibility of sensitive spots on the surface, with a reduced 
value of the work function. An investigation by Rother * seems 
to support this view, for he finds that after very careful pre¬ 
liminary heat treatment, a value of X as large as 10 7 volts per 
cm. is required to extract a reasonable current. 

Fowler and Nordheim derived the following formula, applicable 
at low temperatures : 

where c x and c 2 are constants which can be calculated when 
is known. More recently, this formula has been subjected to a 
rigorous experimental test in an extensive investigation by 
Stern, Gossling and Fowler, f Their results justify the application 
of Sommerfeld’s theory to the phenomenon of electron emission 
in intense electric fields. 

16. Thermo-electric Phenomena. Sommerfeld’s expression for 
the Thomson coefficient is : 

27r 2 ?nk 2 /27Tg\ f 
3 eh 2 \ 3 n ) 

Classical statistics gives a value of the coefficient which is much 
greater than that found experimentally, but the new statistics 
predicts a value which is only about 1 per cent, of that given by 
the classical theory at room temperature, assuming that the free 

* Ann. d. Phys 81, 316 (1926). 
t Proc. Roy . Soc ., A, 124, 699 (1929). 
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electrons are equal in number to the atoms. Experiment als 
indicates that the Thomson coefficient is proportional to T, j 
it should be according to the new statistics. 

The expression for the Peltier coefficient according to classic 
statistics is : 


JcT n 

— log —. 


whereas using the Fermi-Dirac statistics, Sommerfeld obtainei 

27r 2 m{kT) 2 

3 eh 2 3 n 3n, 


where n and are the electron concentrations in the two metals, j 
The numerical value, using the latter expression, is very con¬ 
siderably less than the intrinsic potential difference between the 
metals—a fraction of a millivolt. This is the order of magnitude 
of the Peltier coefficient as observed experimentally. Both theories 
give the same order of magnitude but, whereas according to 
classical statistics the intrinsic potential difference between two 
metals is generally small, according to the new statistics it is 
usually large and the Peltier coefficient is only a small fraction 
of it. 

Stern * has pointed out that, in general, there exist two classes 
of phenomena associated with electricity in metals : 

(a) Phenomena connected with the flow of electricity in closed 
circuits, which may be investigated only by making use of trans¬ 
port theories, and ; 

( b ) Phenomena associated with insulated conductors, whicl 
may be investigated by general theories of equilibrium. 

With the new statistics serious discrepancies occur between the? 
results obtained by the transport and equilibrium theories, and 
these discrepancies are due to the illegitimate application of theories* 
of the latter type to essentially transport problems. It is onlyj 
on the classical theory—or a theory which involves a linear| 
dependence of the kinetic energy of the electrons upon the electrons 
density—that these discrepancies vanish. Further, Stern shows! 

* JProc. Roy. Soc. y A., 126, 570 (1930). 
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that the equilibrium theory cannot always be used alone to con¬ 
sider problems of a transport nature in cases where the electron 
distribution obeys the Fermi-Dirae laws. 

In particular, he obtains two different values for the Thomson 
coefficient. In the first case it is assumed that the passage of 
electricity in a conductor consists of a gradual drift of the whole 
equilibrium distribution of electrons along a potential gradient. 
The value of the Thomson coefficient is then : 

(-Y, 

\SnJ 

In the second case he considers a small region about a point in a 
conductor where there is, before the motion, an excess of electrons, 
and assumes the conduction of electricity as consisting of the 
passage of this wave, so to speak, of excessive concentration 
to a region about a point at a higher temperature. Under these 
conditions the Thomson coefficient is : 


and both the expressions differ from that obtained by Sommerfeld, 
who employed the transport theory. 

Other phenomena dealt with by Sommerfeld include the Hall 
effect, and various allied thermomagnetic phenomena. 

A defect in his work is the neglect of the interaction 
of electrons and atomic cores in calculating the statistical 
distribution. No theory of metals can be regarded as adequate 
which does not include the assembly of electrons and atomic 
cores in one system, to be treated as a whole. Lennard-Jones and 
Woods * attempted to find the average distribution of electrons in 
a metal, considering the atoms as long and chain-like, packed in a 
two-dimensional square array. Fow’ler f has dealt with the 
problem by calculating the average properties of an assembly, 
summing over all parts of the generalised phase-space. The 
ultimate results are the same as those obtained in the usual way. 

* JProc. Roy. Soc., A , 120, 727 (1928). 
t Ibid., 113, 432 (1926). 
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In addition, this method is capable of dealing with the theory c 
electrolytes and assemblies of ions and electrons, as in giant star; 
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CHAPTER III 


THE GENERAL PROPERTIES OF MATTER 

, 1. High Pressure Effects. The properties of matter under 
changes of condition, produced by hydrostatic pressure, are 
important, since, according to 
the new quantum mechanics, 
matter in bulk may have pro¬ 
perties not deducible from the 
measurable properties of its 
smallest parts. But in order 
that hydrostatic pressure may 
produce significant changes, it 
must be of the same order of 
intensity as the atomic, or mole¬ 
cular, forces themselves, and 
these, for ordinary solids, or 
liquids, are of the order of tens 
of thousands of kilograms per 
square centimetre. 

Many experimenters have in¬ 
vestigated high pressure effects, 
and this branch of physics has 
been the subject of exhaustive 
investigation by Bridgman * over 
many years. 

In the technique he used a Fig. 11.- High pressure technique 
. (Bridgman), 

packing of special design, which 

automatically becomes tighter at higher pressures, so that the 
only limit to the attainable pressure is set by the cohesive strength 

* Proc. Phys. Soc., 41, 341 (1929) ; Am. Acad . SciProc., 66, 185 (1931). 
See also Basset and Dupinay, Comptes Rendus, 191, 1295 (1930); Hildebrand, 
Phys . Rev., 34, 649 (1929). 
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of the walls of the containing vessel. The manner in which th 
automatic tightening of the packing is produced is shown in Fig 
11, which represents a section of a cylinder in which pressure i 
generated in a liquid, L, by the advance of a piston of hardenet 
steel, P, driven by a hydraulic press. The mushroom-shape 
plug, A, carries a collar, C, of soft rubber packing. The pluj 
with the packing is pushed forward by the piston, P, acting on tli 
intermediary ring of hardened steel, D. The space, E, at the em 
of the stem of the mushroom is empty, so that the total pressur 
exerted by the ring of rubber must equal the total pressure exerte 
by the liquid on the head of A, and since the area of the ring j 
less than the area of the head, the pressure in the rubber j 
always greater than that in the liquid by the ratio of the area: 
and the liquid can never leak. The packing is prevented fror 
escaping by rings, B, of mild steel, or copper. By the use of alio 
steels, and of vessels of small size, so that the beneficial effecl 
of heat treatment may be extended throughout the entire wal 
pressures up to more than 20,000 kg. per sq. cm. can be handle 
and measured with an accuracy of 0T per cent. In most c 
Bridgman’s experiments, however, the pressures extended to on] 
12,000 kg. per sq. cm. in the interests of the economical life c 
the apparatus. Some of the more important results obtained ai 
as follows. 

The change of volume of any truly homogeneous substanc 
free from internal strains, is enj^ely_xjever^ibla.with pressure ; r 
permanent change of volume has ever been observed in sue 
materials up to pressures at least as high as 25,000 kg. per sq. cn 
Contrary statements sometimes made are to be explained, eithi 
by flaws in the material, or else by failure of the pressure to 1 
truly hydrostatic, such as when it is transmitted by an oil whic 
freezes under pressure, thus producing permanent changes of figu: 
in the material. 

In the case of gases there are effects at high pressure whic 
would not naturally be inferred from the behaviour at low pre 
sures. Eig. 12 shows one such effect, namely, the change 
volume in cubic centimetres per gram-molecule, starting from tl 
volume at a pressure of 3,000 kg. per sq. cm. as the fiducial volum 
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for the five gases, H 2 , He, NH 3 , N 2 and Ar. The significant feature 
is the classing of the curves for N 2 and He ,* it is also evident that 
the curves for H 2 and Ar will also cross at a pressure slightly 
higher than that shown in the figure. This can be explained as 
follows. At comparatively low pressures, the decrease of volume 
of a gas has its origin in a decrease of the empty space between 



Fig. 12. —Change of volume as a function of the pressure. At 
10,000 kg. per sq. cm. the order of the curves, reading from the 
top downwards, is helium at 55°, nitrogen at 68°, hydrogen at 
65°, argon at 55°, ammonia at 30° C. 

the atoms, or molecules, but as the molecules are urged into 
closer contact, this effect becomes exhausted, and at high pressures 
this contribution to compressibility disappears. But there is 
another factor in the compression, namely, the actual loss of 
volume of the molecules themselves, and this evidently may 
persist at pressures where the initial effect no longer exists. This 
dual mechanism is doubtless the explanation of the striking 
difference between He and N«. The atom of He is much smaller 
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than the molecule of N 2 , so that at low pressures the decrease of 
volume of He is greater than that of N 2 . But at high pressures 
the decrease of volume of N 2 becomes greater than that of He, 
because the structure of the N 2 molecule is so much more corn- 
plicated than that of the He atom, that it has in it the potentiality 
of much greater loss of volume. Similar considerations also 
explain the relative behaviour of H 2 and Ar. The molecule 
of H 2 is normally smaller than the atom of Ar, and so at lcrw 
pressures the compressibility of H 2 is greater than that of Ar. 
But at high pressures the rdles are reversed, because the electronic 
structure of atomic Ar is so much more complicated than that of 
molecular H 2 , that the atom of Ar is capable of much greater loss 
of volume than the molecule of H 2 . 

This behaviour is typical of all substances at high pressures. 
Beyond the first few thousand kilograms per sq. cm., the majoi 
part of the loss of volume is provided by the atoms, or molecules 
themselves, and those substances with the most complicated, 01 
the most loosely constructed molecules, have the greatest com¬ 
pressibility at high pressures, although at low pressures th( 
behaviour may be the reverse. 

The most striking fact in the compressibility of liquids is thal 
the volume changes of many liquids tend to approach much mor< 
nearly to equality at high pressures than at low ones. Measure¬ 
ments on fourteen common liquids, including the first five alcohols 
ether, CS 2 , C 2 H 5 C1 and water, show an extreme variation in th< 
loss of volume under a pressure of 12,000 kg. per sq. cm., from 2] 
per cent, for water, the least compressible, to 33 per cent, fo] 
ether, the most compressible, which thus loses only 50 per cent 
more volume than water, although its initial compressibility ii 
four or five times greater. 

The compressibility of liquids drops very rapidly with increasinj 
pressure. At 12,000 kg. per sq. cm. the compressibility o 
common organic liquids varies from l/14ith to lj20th part of til- 
initial compressibility; half of this decrease in compressibility i 
accomplished in the first 1,000 kg. per sq. cm., and at 6,000 kg 
per sq. cm. 95 per cent, is completed. Qualitatively, there i 
thus much similarity between liquids and gases. As in the cas 
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of gases, the initial high compressibility of liquids arises from the 
elimination of space" between the molecules, whereas the part 
of the compressibility which persists at high pressures pro¬ 
bably arises from the decrease of volume of the molecules them¬ 
selves. Liquid metals have a lower order of compressibility than 
organic liquids. Glycerine, which has a fairly complicated mole¬ 
cule, is only two-thirds as compressible as water at 12,000 kg. per 
sq. cm. 

Thermal expansion decreases with increasing pressure, but the 
decrease is much less than that of compressibility ; the thermal 
expansion under 12,000 kg. per sq. cm. is, on the average, between 
one-fourth and one-fifth of its initial value, compared with a four 
fold decrease in compressibility. Also, the thermal expansions 
of fourteen liquids, with the exception of water, approach much 
more closely to equality under 12,000 kg. per sq. cm. than do the 
compressibilities, the extreme variation being only 25 per cent., 
from 2*4 to 3*0 X 10”” 4 . As the temperature approaches the 
absolute zero, the compressibility falls only slightly, while the 
thermal expansion decreases to zero, but at high pressures 
the compressibility drops much more than the thermal ex¬ 
pansion. 

At atmospheric pressure the thermal expansion of all liquids 
increases with rising temperature, but in the neighbourhood of 
3,000 kg. per sq. cm. there is a reversal, and at still higher pressures 
the thermal expansion is greater at lower than at higher tem¬ 
peratures. The explanation is probably connected with the known 
fact that if the molecular restoring forces are linear functions of 
the molecular displacement, thermal expansion vanishes, so that a 
high thermal expansion means high departure from linearity. 
The smaller the volume of a substance, the greater, in general, the 
departure of the forces from linearity, since the repulsive forces 
which predominate at small volumes vary inversely as some high 
power of the distance. At constant pressure the volume is less at 
low temperature, and so the departure from linearity would be 
expected to be greater, thus accounting for the greater thermal 
expansion. At low pressures there is a reversal of this behaviour, 
because there is another mechanism active, the properties of the 
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liquid tending to approach more nearly to those of a gas, e.g„ \ 
high thermal expansion, particularly at higher temperatures, j 

The volume behaviour of solids is qualitatively different from! 
that of liquids, or gases. The compressibility is generally less, 
as is to be expected. There seems to be no exception to the j 
general rule that the compressibility of a substance in the solid ; 
phase is less than that of its own melt. This is true for normal! 
substances which contract on freezing, and also for water and! 
bismuth, which expand on freezing. It is thus evident that; 
the lattice structure of itself imparts a certain stiffness foreign to i 
the liquid. Also the initial domain of high compressibility, 
followed by very much lower compressibility, which is character¬ 
istic of liquids, is much less prominent in solids, the compressibility 
of which decreases comparatively little at high pressures. It is 
therefore probable that by far the greater part of the compression 
of a solid has its origin in the compression of its atoms. 

As a general rule, the compressibility of solids decreases at high 
pressures by amounts which increase with the compressibility, as 
might be expected, but there are exceptions. The compressibility 
of pure quartz glass, Si0 2 , and a number of compound glasses in 
which the content of Si0 2 is high, increases with increasing pressure 
by an amount far beyond experimental error. The compressibility 
of K drops off with increasing pressure much less than that of Rb 
or Cs, so that although initially the compressibility of Cs, for 
example, is nearly twice as great as that of K, at 12,000 kg. per 
sq. cm. it has become considerably less. The persistence of the 
compressibility of K is attributed to the abnormally loose struc¬ 
ture of the atom of K, as shown by the abnormally high value of 
its atomic volume. 

In the case of crystals it is found that only in those of the cubic 
type is the change of volume under hydrostatic pressure the same 
in every direction, so that to determine completely the effect ol 
pressure on the volume of single crystals the linear compressi 
bility must be measured in several directions. Bridgman found 
that this compressibility may vary much more with direction 
than might be expected from the difference of atomic spacing i* 
different directions. Thus, the linear compressibility of zinc 
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parallel to the hexagonal axis, is seven times as great as that at 
right angles, whereas the ratio of the atomic spacing in the two 
directions is only 7 per cent, different from that for spherical atoms 
in normal hexagonal piling, and, in fact, the spacing is compressed 
along the axis, while the compressibility is greater along the axis. 
The behaviour of tellurium is highly unusual, in that there is nega¬ 
tive compressibility along the trigonal axis, i.e ., when exposed to 
hydrostatic pressure, a crystal of tellurium expands in the direction 
of this axis. 

The compressibility of most of the alkali halides has been 
measured by Slater,* up to pressures so high that accurate values 
could be found for the change of compressibility with pressure. 
Although several theories have been proposed which give fairly 
good values for the initial compressibility, they all predict changes 
of compressibility with pressure which do not agree with experi¬ 
mental results. 

Another interesting phenomenon is the change of state produced 
by high pressure. Now among the various ideas as to the ultimate 
relation between liquid and solid at high pressures which have 
been held at different times was one that there is a critical 
point between liquid and solid. Another theory postulated a 
maximum melting-point temperature, above which a substance 
was capable of existence only in the liquid phase, no matter how 
high the pressure. Bridgman’s results, however, seem to disprove 
both these points of view, for measurements on nearly forty 
substances up to 12,000 kg. per sq. cm. and on water up to 21,000 
kg. per sq. cm. show that if either of these two possibilities ever 
occurs, there must be a complete reversal of the universal trends 
in the experimental range of pressure. All melting-point curves, 
whether rising, i.e., the melting-point temperature increases 
with pressure, or falling like those of water and bismuth, are 
concave toward the pressure axis. Furthermore, the difference 
of volume between liquid and solid, plotted against melting 
pressure, gives a curve convex towards the pressure axis, and the 
slope, dtjdp, of the melting-point curve, plotted against tempera¬ 
ture, a curve convex towards the temperature axis. These facts 
* Am. Acad. Proc ., 61, 135 (1926), 
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indicate that there can, be neither critical point nor maximum. 
Experiments also show that the melting-point temperature may 
not be raised indefinitely by the application of sufficiently great * 
pressure, but the rate at which this temperature is elevated by I 
a definite increment of pressure becomes continually less as the I 
pressure increases. I 

Bridgman also measured the difference of compressibility! 
between different polymorphic forms of the same substance. In I 
the majority of cases that one of two phases which has the larger § 
volume, and which therefore is stable at the lower pressure, is the § 
less compressible. It is also true, in general, that the phase off 
larger volume has the higher crystalline symmetry. It appears* 
as if the molecules, or atoms, have some internal structure > 
analogous in some respects to a framework of high symmetry and I 
rigidity, such that at low pressures, where the intensity of the 
external forces is low enough to permit the natural arrangement, 
the molecules assume a disposition of high symmetry and low 
compressibility, with the projecting parts of the framework of 
different atoms in register with each other ; but at high pressures 
the natural forces are overcome, the frameworks are pushed out 
of register, and the system collapses to an arrangement of smaller 
volume, of lower symmetry, and, because the frameworks are the 
most rigid part of the molecule, of greater compressibility. 

Pressure affects the viscosity of liquids. In all cases, except the 
abnormal one of water, and then only over a limited range of 
pressure and temperature, viscosity increases under pressure, and 
by amounts varying enormously from substance to substance. 
The factor of variation under 12,000 kg. per sq. cm. is 1-33 for 
mercury, and 10 7 for eugenol. In fact, the pressure effect on | 
I viscosity, and its variation from substance to substance, is much 
!{ greater than any other known pressure effect. Viscosity increases ! 
geometrically with pressure, that is, the logarithm of viscosity is 
approximately a linear function of the pressure. There is a very 
close correlation between the magnitude of the pressure effect and 
the complexity of the molecular structure, the pressure coefficient 
being least for monatomic mercury and greatest for complicated 
substances like eugenol. It is evident that no purely kinetic 
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mechanism of viscosity, such as we have in gases, is competent to 
explain such enormously large effects. There would, seem to be 
little question that a large part of the viscosity of a liquid is purely 
mechanical in origin, arising from an interlocking of the molecules. 
Such a mechanism is consistent with the very large pressure 
effects, and the enormous variations of the effect with molecular 
complexity. 

Recently, Bridgman measured the effect of pressure on the 
shearing modulus of several isotropic substances.* The rigidity of 
Fe increases under pressure, as would be expected, the increase 
being about 2-5 per cent, for 12,000 kg. per sq. cm. The rigidity of 
glass, on the other hand, decreases by amounts varying with the 
composition from 0-7 per cent, to 11 per cent, for 12,000 kg. per 
sq. cm. The effect is largest for those glasses which have the 
abnormal increase of compressibility with pressure, as might be 
expected. By combining this change in the shearing modulus with 
the known changes in density, it may be calculated that the 
velocity of a wave of shear decreases under a pressure of 12,000 
kg. per sq. cm. by amounts varying from 2 to 6 per cent. Similarly 
from the pressure coefficient of rigidity and the pressure coefficient 
of compressibility, the effect of pressure on Young’s modulus may 
be found ; this may increase, or decrease, under pressure, depend¬ 
ing on the composition of the glass, by amounts varying from 
H-2*5 per cent, to —10 per cent, at 12,000 kg. per sq. cm. 

2. The Effect of Pressure on Thermal Conduction. Bridgman 
has measured the effect of pressure up to 12,000 kg. per sq. cm. on 
the thermal conductivity of eleven metals. Of these eleven 
metals, the thermal conductivity of five increases under pressure 
and that of six decreases. In only two cases does the Wiedmann- 
Franz ratio increase under pressure, and in the remaining nine 
it decreases by amounts varying up to 15 per cent, for Ni at 
12,000 kg. per sq. cm. Since the Wiedmann-Franz ratio varies 
with pressure, it is obvious that the connection between electrical 
and thermal conductivity cannot be the universal and simple one 
of the original theory. A consideration of the contribution to the 
thermal conductivity by the atoms, as distinguished from the 
* Am. Acad. JProc 64, 39 (1929). 
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electrons, seems to offer a possibility of explaining at least part 
of the discrepancy, and would suggest that the contribution 'made 
by the atoms may be larger than is often supposed. 

The effect of pressure on many liquids has also been measured 
up to 12,000 kg. per sq. cm. The thermal conductivity is increased 
by fairly large amounts, the factor of increase varying from 1-50 
for water, the least compressible of the substances measured, 
to 2-74 for normal pentane, approximately the most compressible. 
It is very suggestive that this increase runs approximately parallel 
with the increase in the velocity of sound under pressure, as 
calculated from the change of density and the compressibility. 
Bridgman found a simple relation for the thermal conductivity 
of liquids, viz., 

k = 2ocvB 2 , 

where k is the thermal conductivity in absolute units, a, the 
molecular gas constant 2*02 x 10“ 16 , v, the velocity of sound, and 
S, the mean distance of separation of the molecules in the liquid, 
assuming them piled in simple cubic array. The formula repre¬ 
sents, with considerable success, the thermal conductivity of 
normal liquids, of water, which is abnormal in so many respects, 
and also of non-crystalline solids, such as glass or hard rubber. 

In gases the phenomena of viscosity are closely connected with 
those of thermal conductivity, but in liquids the difference in 
behaviour of the temperature coefficients of thermal conductivity 
and viscosity makes it highly probable that the mechanisms of the 
two effects are different. 

3. The Effect of Pressure on Electrical Properties. Bridgman* has 
also investigated the effect of pressure on the electrical resistance 
of substances. Of forty-eight pure metals which he has measured, 
the resistance of thirty-nine decreases under hydrostatic pressures 
by amounts varying with the character of the metal, from 1 per 
cent, under 12,000 kg. per sq. cm. for Co to 73 per cent, for K. 
The relation between change of resistance and pressure is not 
linear, but the curve of resistance against pressure is always convex 
towards the pressure axis, which means that the effect of a given 


* Am. Acad. Proc ., 64, 75 
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increment of pressure becomes less at high pressures. In the case 
of K the initial rate of change is so great that the resistance would 
entirely vanish at a pressure of 5,600 kg. per sq. cm., if it continued 
at the initial linear rate. Six or seven of the forty-eight metals, Li, 
Ca, Sr, Sb, Bi, the low-pressure modification of Ce, and perhaps Ti, 
increase in resistance under pressure, and in all these cases the 
curve of resistance against pressure is convex toward the pressure 
axis, just as in the case of the metals with negative coefficient. 
But now the significance of convexity is that the effect of a given 
increment of pressure becomes greater at high pressures, which is 
not to be expected. The curvature for these two types is such 
that the curve for one could be regarded as a prolongation of that 
for the other, so we might anticipate that the resistance of all 
metals increases at sufficiently high pressures, the initial differ¬ 
ence between various metals being ascribable to different internal 
pressures. Such an expectation is much strengthened by the 
discovery of three metals whose resistance does actually pass 
through a minimum with increasing pressure. The first of these 
is Cs, which is the most compressible metal, and therefore might 
be expected to show the effect most easily. The resistance of this 
at room temperature passes through a minimum of about 0-71 of 
the initial value between 4,000 and 5,000 kg. per sq. cm. The 
next is Ba, which stands to the right of Cs in the periodic table, 
and which has a minimum at 0*97 of the initial resistance at about 
8,000 kg. per sq. cm. Rb also has a minimum at 18,000 kg. per 
sq. cm. of 81 per cent, of its initial resistance. Measurements on 
K show no minimum up to 19,000 kg. per sq. c.m., but results 
suggest one in the neighbourhood of 24,000 kg. per sq. cm. of 
18 per cent, of its initial resistance. Similarly with Na there 
is probably a minimum at pressures considerably higher than 
24,000 kg. per sq. cm. The resistance of Li increases continually 
with rise of pressure. 

The irregularities of elements in the second column of the 
periodic table are more striking than the regularities. The resist¬ 
ance of Be decreases under pressure, whereas that of Li increases, 
Mg decreases, as does also Na, but Ca increases compared with 
the decrease of K, Sr increases against the decrease of Rb, and 
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its increase is greater than that of any other metal, while, finally, 
Ba and Cs show minima, but the whole scale of the pressure effects 
on Ba is very much smaller than on either Cs or Sr.* 

The effects of pressure on resistance are complicated, much more 
so than the effects of temperature, for example. A consideration 
of the pressure effects seems to imply that the electron mechanism 
must be much more complicated than the pure temperature effects 
would lead us to expect. Particularly, the occurrence of a 
minimum resistance is suggestive ; a minimum property nearly 
always involves the action of at least two mechanisms, which, to 
a certain extent, oppose each other. 

When we pass on to consider binary alloys of metals, examples of 
a positive pressure coefficient of resistance are frequent, and in all 
cases the initial effect of adding a small amount of foreign metal to 
a pure one is to increase algebraically the pressure coefficient. 
That is, if the coefficient is initially negative, as it is in the 
majority of cases, adding a foreign metal makes the coefficient 
smaller numerically, while if the coefficient is initially positive, it 
becomes still more positive on the addition of another metal. This 
result is capable of a simple geometrical interpretation, consistent 
with the wave mechanics picture of electrical resistance as arising 
from the scattering of electron waves by irregularities in the atomic 
structure. For, in addition to the irregularities in. the lattice 
structure of a pure metal, due to temperature agitation, there 
must be, in general, irregularity of a purely geometrical character 
when a foreign metal is introduced, arising from the unequal sizes 
of the two sets of atoms. The geometrical differences between the 
two sets are accentuated as they are urged into closer contact by i 
pressure, so that the scattering of the electron waves, arising 
from this effect, increases, and the pressure coefficient becomes 
more strongly positive. 

Thermal electromotive force is another electrical property that 
can be measured under pressure without great difficulty. The 
effects are considerable, for the thermal electromotive force of a j 
couple composed of a metal in the uncompressed state, and the 
same metal compressed, approaches the order of magnitude of the 
* For other metals see Fischer, Zeits . phys. Chem. 3 8, 207 (1930). 
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thermal electromotive force of couples composed of ordinary 
dissimilar metals. For example, the thermal electromotive force 
of a couple composed of Zn uncompressed and compressed to 
pressures of 12,000 kg. per sq. cm., with its two junctions at 0° C. 
and 100° C., is one-third as great as that of a couple of uncom¬ 
pressed Zn and Pb between the same temperature limits. 

The effects of pressure on thermal electromotive force may be 
exceedingly complicated, and vary greatly from one metal to 
another. In general, the effect of pressure on the Peltier and 
Thomson effects is positive, that is, the positive current absorbs 
heat in flowing from uncompressed to compressed metal, and the 
Thomson heat absorbed in passing from a low to a high temperature 
is greater in the compressed than in the uncompressed metal, but 
the irregularities are much greater than the irregularities in the 
resistance effects, and occur in unexpected places, the irregularity 
of thermal electromotive force being greatest for Sn, Fe, and Al, 
metals which under pressure are without special distinction in other 
respects. Just as in the case of resistance phenomena, these 
complex effects indicate a complicated mechanism, certainly 
more complicated than that contemplated in any theory yet pro¬ 
posed. There is as yet no discoverable parallelism between the 
effects of pressure on resistance and on thermal electromotive 
force, from which one may perhaps draw the conclusion that 
essentially different aspects of the electron mechanism are respon¬ 
sible for thermo-electric phenomena, and those of resistance. 

4. High-Vacuum Technique. The importance of high vacuum 
technique needs no stressing, and during recent years rapid strides 
have been made in this direction, particularly in the methods of 
producing low pressures by means of high vacuum pumps, actuated 
by a vapour stream. 

The first pump of this type was invented by Gaede,* who caused 
a stream of mercury to pass by a porous diaphragm connected with 
the vessel to be evacuated. Diffusion occurred in either direction. 
The gas diffusing into the mercury vapour was swept into a con¬ 
densing vessel, and thence to a mechanical pump ; the mercury 
passing the other way was condensed in a special trap,, and returned 
* British Patent, 19,793 (1914). 


3 — -2 
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to the boiler. The diffusion was so slow that Gaede replaced, the 
diaphragm by a slit 1 mm. wide. When the mercury vapour was 
maintained at a pressure yielding a mean free path of about 1 mm., 
the pump would exhaust at its maximum efficiency. The speed 
was limited by the size of the slit, but with wider slits the out- 
coming vapour prevented ingress of the gas, and the pump became 
inoperative. Langmuir * showed that if the mercury vapour 
could be given a sufficiently large forward velocity past the jet, 
the molecules would have little tendency to stray through the 
aperture, even at relatively high pressures. 

To prevent molecules which had hit the wall from rebounding 
in the opposite direction, he cooled all the walls in the neighbour¬ 
hood of the aperture, and thus permanently condensed the incident 
molecules. Langmuir’s first pump had as essential parts a jet 
through which mercury vapour issued, a wide intake space corre¬ 
sponding with Gaede’s slit, and a pumping region with cooled 
walls of a shape likely to conform with the natural spread of the 
mercury-vapour stream. 

Although such a pump may be described as a preferred form, 
it is evident that a much simpler construction will achieve 
somewhat similar results. Thus a simple T-tube, cooled in water, 
has been patented by Buckley.f Vapour generated at the bottom 
of a long tube, in passing by a side tube, sweeps any gas naturally 
diffusing in towards the backing pump. Buckley J further found 
that cooling at the aperture could be omitted, if the mercury 
vapour stream were cooled just below the jet to remove all 
molecules having an appreciable lateral component. 

In all the foregoing pumps the condensed mercury must return 
by the same path as the vapour, and in opposition to its flow. This 
is disadvantageous because the mercury does not wet glass, but 
collects into globules, between the interstices of which gas may 
return in the contrary direction. The globules may also fall 
against the heated parts of the tube and generate vapour at 
unwanted points. Langmuir § obviated these drawbacks by an 

* Joum. Frank. Inst 182, 719 (1916). 
t TJ.S. Patent, 1,433,258 (1922). 
t TJ.S. Patent, 1,371,734 (1921). 

§ TJ.S. Patent, 1,320,874 (1919). 
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inverted construction, the condensed 
mercury travelling away from the 
jet. 

Many other forms of pumps have 
been described *, from which we 
select the all-metal pump of Gaede. f 
This unit contains a number of 
condensation pumps in series, fed 
from a common source of mercury 
vapour. The latter is used to 
produce three different stages of 
vacuum, the first by diffusion, the 
third by jet ejector action, and the 
second by diffusion when the pres¬ 
sure is low and by ejector action 
when it is higher. J 

A tube 14, Fig. 13, connecting the 
upper and lower parts of the tube 18, 
joins the latter at 6 by means of a 
passage at the flange, and at this 
point it is provided with a tube for 
connection to the backing pump. 
Mercury vapour, developed in the 
vapour chamber inside tube 20, 
flows upwards through a conduit 21, 
and issues through the nozzles 19, 
22 and 28. Any vapour which con¬ 
denses in tube 20, collects and is 
returned to the boiler by way of the 
space between the concentric tubes 
20 and 21, so that the vapour 
passing upwards through 21 is free 
from drops of mercury. It issues 
through the funnel-shaped annular 

* See Dushman, Journ. Frank. Inst.. 
211, 689 (1931). 

f Zeits.f. tech. Phys., 4, 10, 337 (1923). 

t Gaede 4-stage pumps are now in use. 



Fig. 13. —Gaede 5 s all-metal 
mercury vapour pump. 
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space formed by the conical surfaces 17 and 19, and condensed 
mercury collects in, and fills, the space between the iron block 
25 and the casing wall 18, above the leather packing 26, whence 
it drains off through the tube 27 into the cup 82. The space 
above 25 is hermetically sealed against the space below it by 
the tube 23, and by the mercury collected above the leather pack¬ 
ing and the cup 32. 

The arrangement at the lowest aperture of the tube 21 is a 
duplicate of that just described, the boring 81 being placed imme¬ 
diately in front, and in continuation, of the vapour passage, formed 
by the nozzle 28. Mercury, collecting above the leather packing 
33 in the cup 34* and in the tube 29, closes the space above the iron 
cylinder 30 against the volume below it. 

A steel rod 38, attached to the cylinder 30, extends down into 
tube 45, and tends to keep the mercury in 45 cool. The distance 
between tube 45 and the jacket 46, at the top where mercury flows 
into 45, is so small that no mercury can penetrate into the space 
between these tubes. This air jacket, together with the steel rod, 
counteracts the heat of the vapour from the boiler, and prevents 
mercury in tube 45, which reaches to the line 43, from being heated 
to the boiling point and thereby being expelled from the tube. 

Nozzle 1 connects the vessel being exhausted to the pump, and 
the high vacuum side is sealed against the backing pump by the 
mercury column in the annular space 4, formed by the tube 9 and 
the wall of the casing 18 above the constriction 12. 

The first and second sections function as auxiliary pumps to the 
third, and uppermost, section, the latter acting as a high vacuum 
pump of very great efficiency. In this third section the vapour 
jet issues with a high velocity from a ring-shaped nozzle 19, and 
is directed downwards along the cooled wall of the pump. The 
vapour pressure at this nozzle is so small that the mean free path 
of the molecules is of the same magnitude as the distance between 
the wall of the casing 18 and the nozzle 19. 

In the lowest section vapour, issuing from a conical nozzle 28, 
adapted to accelerate its velocity, reaches its highest velocity and 
minimum pressure. Within the mixing nozzle 31 the pressure in 
the jet again increases, attaining a value equal to that in the back- 



HIGH-VACUUM TECHNIQUE 


71 


ing pump, and at the same time the velocity is diminished. The 
minimum pressure reached at the point where the vapour jet enters 
the 14 mixing 55 nozzle is 1 mm., and the mean free path of the 
molecules is small compared with the width of the slit, which is 
2 or 3 mm. This arrangement, therefore, cannot operate on the 
diffusion principle, and the motion of the gas issuing from the 
vessel to be exhausted is not decided by the difference in the 
partial pressures of the gas, but by the difference in the total 
pressure of gas and vapour. Consequently the pressure does not 
fall below 1 mm., but as long as its value is above 1 mm., gas will 
pass towards the point of lowest pressure at the slit, will mix with 
the jet vapour, and, after compression in the 44 mixing nozzle,” will 
be carried away to the backing pump. The second section also 
operates on the jet principle, providing the vapour pressure in the 
slit between the accelerating nozzle 22 and the “ mixing nozzle 99 
24 is so great, that the mean free path of the molecules is small 
compared with the slit’s width. When the pressure between the 
two lower sections, i.e ., between the iron blocks 25 and 30, falls to 
5 mm., or less, the minimum pressure at the slit becomes so small 
that the molecular free path is of the same order of magnitude as 
the width of the slit, and gas from the vessel being exhausted 
penetrates the jet by diffusion. The exhausting action of the 
pump does not cease, therefore, when the gas pressure equals the 
minimum vapour pressure at the nozzle, but continues to decrease 
as the gas follows the partial pressure gradient. The width of 
the slit has been adapted for this double action, and all three 
sections co-operate to give the highest possible efficiency at various 
pressures. 

Gaede * has recently designed a diffusion pump which has an 
exhaust capacity fully eight times that of the 3-stage pump. 
The essentially new part is a double cooling arrangement. This is 
necessary in order that the mean free path of the gas molecules, 
to be entrained in the stream of mercury vapour, becomes large 
enough in comparison with the large dimensions of the diffusion 
pump. 

There remains as an inherent drawback to the mercury diffusion 
* See Gaede and Keesom, Comm. Thys. Lab. Leiden, No. 195 . 
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pump the necessity for a cooled trap to prevent any mercury 
vapour from diffusing into the evacuated vessel. This difficulty 
ean be overcome by using certain other metals in the place of 
mercury. Housekeeper * has explored the possibilities of the lower 
melting-point metals such as zinc, cadmium, tin, lead and bismuth. 
The first two will vaporise and condense at temperatures appre¬ 
ciably below their melting points, and it is not easy to return the 
condensed metal to the boiler. He has designed a reversible 
pump in which condenser and boiler are symmetrically placed with 
regard to the pumping aperture, and the metal can be driven alter¬ 
natively from one side to the other. A simpler vertical pump uses 
lead, tin, or bismuth which melt before they vaporise. It is 
interesting to note that although the condensing portions must be 
kept relatively cool, in actual practice the walls have to be heated 
externally to prevent solidification. Both Housekeeper f and, 
Snook { have described large industrial pumps, constructed of 
metal, employing in the first case an electric arc, and in the second 
a carbon resistance furnace to vaporise the metal. 

Recently, Burch § has discovered that certain high-boiling frac¬ 
tions, separated during the vacuum sublimation of petroleum 
residues, may be used in condensation pumps. The oils have 
vapour pressures pi'obably less than 10~~ 6 mm. of mercury at room 
| temperature, and are thus usable without the customary liquid 
\ air trap. These liquids represent a very real advance in vacuum 
* technique, because they can replace mercury without special 
precautions, or complication of the apparatus. They have, how¬ 
ever, certain peculiarities of their own. 

When petroleum jelly is distilled in the evaporation still, the 
residue at 320° C., amounting to about 13 per cent, of the original 
jelly, is a substance not unlike common vacuum grease. The 
saturation vapour pressure of this substance is rather less than 
1 microbar [| at 320° C. Experiments on the vapour pressure of 
this substance, involving evaporation, the condensing surface 

* U.S. Patent, 1,471,661 (1923). 

t U.S. Patent, 1,461,190 (1923). 

± U.S. Patent, 1,471,012 (1923). 

§ Proc. Roy . Soc ., A, 123, 271 (1929). 

|1 A bar is a pressure of 10 s dyne per sq. cm. 
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being cooled by liquid air, showed that the vapour pressure was 
less than 10“ 3 microbar at 70° C. With the aid of this grease, 
then, ground joints can be freely employed in highly evacuated 
systems. 

Using the residue obtained at 118° C. in a single stage metal 
condensation pump, designed for a fore-vacuum of 10—20 micro¬ 
bars, the pressure in a vessel was reduced to less than 2 X 10~" 3 
dyne per sq. cm., as measured with an ionisation gauge. The 
degree of vacuum obtained appeared to be limited by gas evolution 
from the electrodes and bulb of the gauge. At 1 dyne per sq. cm. 
the speed of the pump was rather greater than 2,000 c.c. per sec. 
At higher pressures it was limited by the speed of the backing 
pumps. It was possible to exhaust a discharge-tube, fitted with 
a metal window, to a degree sufficient for the application of 300 
kilovolts. Burch attempted to measure the ultimate pressure 
attainable with such a pump by means of an ionisation gauge. 
The whole of the glasswork was heated to drive off occluded gases, 
which otherwise would make their appearance during exhaustion. 
No ionisation current could be detected with the instruments 
available, although an ionisation current, corresponding to 10~ 4 
dyne per sq. cm., could have been detected. 

Hickman and Sanford * have also investigated the use of 
organic liquids instead of mercury in condensation pumps, and, 
in addition, they have experimented with various designs of pumps. 
Every pump tested worked at least as well with mercury as with 
an organic liquid. The most suitable liquids are equal to, or better 
than, mercury in speed of exhaustion, but they require a lower 
backing pressure. Of some twenty high-boiling organic liquids 
examined, only the higher hydrocarbons and the esters of phthalic 
acid proved useful. The hydrocarbons were less efficient because : 

(a) They showed inferior pumping speed. 

( b ) They decomposed slightly. 

(c) They charred with continual use. 

The phthalates were found convenient on account of good pump¬ 
ing speed, stability, the ease with which they could be obtained 

* Rev. Sci. Inst., 1, 140 (1930). 
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pure, and their low vapour pressures. Of the phthalates, butyl 
benzyl phthalate is the most efficient member of high boiling point, > 
but is not easily obtainable. Failing this, n-di-but.yl phthalate is i 
recommended for use in pumps as a satisfactory substitute for 
mercury. For many purposes it does not require a condensing 
trap, and on other occasions a bath of ice and salt, or solid carbon 
dioxide in acetone, provides sufficient cooling. 

The miniature glass pump is recommended, because it is gene¬ 
rally large enough for laboratory vacuum requirements, and the 
cooling is easily accomplished. 

For the measurement of very low pressures there are many 
manometers available, ranging from the McLeod gauge to the 
Knudsen manometer. The ionisation gauge is now widely used 
to measure the lowest pressures. 

If a gas is present in a 3-electrode thermionic valve in quantity 
not sufficient seriously to affect the filament activity, and the plate 
voltage exceeds a value necessary to produce ionisation of the gas 
in the valve, it has been found that the number of ions produced 
is proportional both to the gas pressure and to the electron current 
passing through the gas. If a small negative potential is now 
applied to the grid, a certain fraction of the positive ions will he 
drawn to it, and their number can be accurately determined from 
the current flowing in the grid circuit. The equation for such a 
gauge may be written in the form : 

hi 

p ~~T’ 

where p is the gas pressure, I, the positive ionisation current, i, the ' 
electron current and k, a constant of the gauge. 

As the value of i must be known, and as the emission from the 
filament is liable to vary somewhat with the kind of gas and with 
its pressure, it is advantageous, if many readings are to be made, t 
to place in the circuit measuring i the coils of a relay, which is 
adjusted to close at a definite value of and which, when closed, 
cuts in a shunt across the filament. This shunt reduces the heating 
current. 

King * found that the pressure in such a gauge is proportional 
* Joum. Opt. Soc. Arner., 8, 145 (1924). 
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to the ionisation, current at pressures as high as 1*5 X 10~ 3 mm., 
if the electron current is 20 milliamp. and the voltages on the 
plate and grid are + 110 and —2 volts, respectively, but the lower 
limit is determined largely by the sensitiveness of the current 
reading instruments. 

Found and Dushman,* using gases and vapours, confirmed the 
formula: p=kl. 

Measurements of the vapour pressure of vacuum oils at different 
temperatures have been made, the values ranging from 7*5 
X 10” 6 mm. to 7*5 X 10~ 5 mm. at 0° C., and from 1*5 X 10~ 4 to 
1*5 X 10~ 3 mm. at 25° C. The vapour pressure of ice at tempera¬ 
tures between — 50° C. and — 78° C. was also measured. 

An approximate value of a gas pressure may be calculated as 
follows, e.g., Burch, j* using a particular low-power transmitting 
valve with 1,770 plate voltage, and —20 volts on the grid, found 
the anode current to be 28*7 milliamps, and the grid current less than 
—0*2 microamp. Now the ratio—reverse grid current to anode 
current—gives the expectation of ion production by an electron 
moving from filament to anode. This expectation is proportional 
to the gas pressure, and is dependent on the velocity of the electron. 
The expectation for electrons of various velocities passing through 
1 cm. of air at atmospheric pressure is about 7,700 at 1,770 volts. 
When the varying speed of the electrons, as they pass from filament 
to anode, is taken into account, it is found that the actual expecta¬ 
tion of ions is about 0*465 times the expectation if the electrons all 
had the most favourable velocity across the whole of the inter¬ 
electrode space. The ratio—grid current to anode current—was 
1/118,000, and the distance traversed by the electrons, i.e ., grid- 
anode distance, 1*2 cm., so that the expectation of ion production 
was less than 1/118,000, and 0*465 X 7,700 ions were anticipated 
per centimetre-atmosphere. The pressure was accordingly : 

1 

[71-2] X 0-465 X 7,700 X [>118,000] atmos P here > 

C 2 X 10~~ 3 dyne per sq. cm. 

* Phys. Rev., 17, 7 (1921). 
t Proc. Roy. Soc., A , 123, 283 (1929). 


or 
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It is evident, therefore, that the ionisation gauge may be used 
to measure the lowest attainable pressures. ; 

Molthan * has recently described a new type of ionisation gauge. ! 
A tube, attached to the evacuated system, contains four conducting 
elements, of which one is a filament emitting electrons, two are field 
regulators, and the fourth is an electrode, the positive charge of 
which (derived from the space charge) is a measure of the space 
charge and, therefore, of the gas pressure. The fourth electrode 
is connected to the anodes of two valves in parallel, the filament 
currents and the grid potentials of which are so adjusted that the 
system has a linear potential-current characteristic for a poten¬ 
tial range, 0*5-50 volts. The anodes in turn are connected to 
a single-fibre electrometer. Calibration curves show a linear 
relation between ionisation current and pressure of the gas, the 
lower limit of measurement being in the region 10~ 10 mm. of 
mercury. 

5. The Flow of Gas at very Low Pressures through a Hole in a 
Thin Plate. It is sometimes required to calculate the amount 
of gas flowing through a hole in a thin plate, when the diameter of 
the hole is small compared with the mean free path of the mole¬ 
cules. If p x and p 2 are the pressures on the two sides of the plate, 
the resultant mass of gas which passes through one square centi¬ 
metre per second is given by "j* : 

(Pi —P2)\J- M 

where. M is the molecular weight of the gas, R, the gas constant 
per gram-molecule and T , the absolute temperature. The vapour 
pressure of highly refractory metals may be determined with the 
help of this formula. Egerton f has measured the vapour pressures 
of zinc, cadmium and lead, the metals being contained in a small 
pot provided with a hole of known area. After weighing the pot, 
it was placed in a silica tube within which a high vacuum was 
maintained ( p 2 = 0), and the tube was inserted in a hole in a large 

* Zeits.f. tech. Rhys., 11, 522 (1930). 

f See Newman and Searle, 44 General Properties of Matter,” p. 250 (1928). 

JProc. Roy. SocA, 103, 469 (1923). 
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block of copper, maintained at a constant temperature. The pot 
was again weighed at the completion of the experiment, and the 
loss in weight gave the amount of vapour that had escaped from 
the orifice. Thus could be determined. A correction must be 
applied for the number of molecules that return from the far side, 
through the hole, to the space occupied by the vapour in equili¬ 
brium with the metal. 

Edmondson and Egerton * also determined the vapour pressures 
of sodium and potassium between 100° C. and 200° C. by means of 
this effusion method. Here special difficulties arise from the great 
reactivity of the alkali metal vapours. Rodebush and de Vries *j* 
determined the vapour pressure of sodium by means of a similar 
method. 

This effusion formula has also been used by Langmuir J to 
measure the rates at which highly refractory metals evaporate. 
If the vapour pressure of any substance does not exceed 1 mm. of 
mercury, the actual evaporation rate is independent of the pressure 
around it, or, in other words, the evaporation in a high vacuum 
takes place at the same rate as it does in the presence of the 
saturated vapour. When a metal, then, in the solid state is in 
equilibrium with its own vapour at a pressure p x , the above 
equation must give the rate at which the atoms from the vapour 
strike the surface. On the other hand, at equilibrium, there are 
just as many atoms evaporating per unit area per unit time as 
condense. Consequently the preceding equation must give the 
rate of evaporation of the solid at the temperature T, so that by 
observing the rate of decrease in weight of a given filament at any 
temperature T, it is possible to calculate the vapour pressure at 
that temperature. In this manner Langmuir has measured the 
vapour pressure of metallic tungsten over the range of temperature 
from 2,000° K. to 3,540° K., and Langmuir and Mackay § have 
obtained similar data for the metals platinum and molybdenum. 
These experimenters have also applied the same method to the 
determination of the vapour pressure of the metals iron, nickel, 

* Rroc. Roy. Soc., A, 113, 520 (1927). 

t Journ. Amer. Chem. Soc., 47, 2,488 (1925). 

X Rhys. Rev., 2, 329 (1913). 

§ Ibid., 4, 377 (1914). 
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copper and silver. Born * has determined the vapour pressure of 
carbon, measuring the loss of weight of a carbon filament. % 

It is assumed that every atom of vapour condenses on striking f 
the metal. If, however, a certain proportion, a, of the atoms of 
vapour are reflected from the surface, then the vapour pressure will i 
be greater than that calculated in the ratio 1 : (1—a). There are i 
good reasons for believing that this reflection from the surface is 
negligible. 

Now when atoms having kinetic energy corresponding to a 
temperature T 1 strike a surface at a higher temperature T 2 , the 
reflected atoms possess energy corresponding to T 2 only if there is 
complete equalisation of temperature during the act of impact 
on the surface. If this is not the case, the atoms leaving the ' 
surface have a temperature, T, intermediate between T 1 and T 2 
such that : 

T — T 1 ~ a (T 2 — 2\), 
or, T = aT 2 -f (1 — a)T l9 

where a is a number less than unity, which has been designated 
as the accommodation coefficient by Knudsen. On the whole the 
experimental work on the accommodation coefficient leads to the 
conclusion that the amount of specular reflection in heat transfer 
is ordinarily quite negligible, and does not exceed a few per cent. 

Mayer | has described a new method for measuring extremely 
low vapour pressures. The essence of the method lies in having 
two connecting vessels, in one of which the pressure is that of the 
vapour to be measured, and in the other is a pressure several 
hundred times less than that of the vapour, so that the difference 
in pressure is practically equal to the vapour pressure itself. A 
tube connects these two vessels, and in front of its opening is a 
light vane, which is deflected by an amount proportional to the 
pressure difference. The deflection is practically independent of 
the temperature and of the nature of the molecules striking the 
vane. The method is considered suitable for pressures from 10~ 7 
to 10— 2 mm. of mercury. 

* Zeits.f. tech. Phys. t 7, 24 (1926). 
f Zeits.f. Phys ., 67, 240 (1931) 
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6. Surface Tension and Thin Films. Modern theory suggests 
that the interface separating two fluids is a special phase, the 
transition layer at the boundary of two phases consisting of two 
unimolecular layers, one in each phase. 

Evidence as to the nature of the boundary phase has been 
obtained from experiments involving the spreading of oils and 
other substances upon the surface of water. So much information 
is now available as to the dimensions of molecules and the forces 
about them, much of it being of an accurate quantitative nature, 
derived from structural organic chemistry, from the study of 
crystals, the kinetic theory of gases and the deviations from the 
simple gas laws, etc., that an attempt to deduce the arrangement 
of the constituent molecules from the properties of the films has 
become something more than a speculation, and may be made with 
some certainty and definiteness. 

It has been shown by Langmuir * that films do occur which are 
only one molecule in thickness, such, for example, as the very 
thin films of oil and other substances on water. If C ± is the 
surface concentration in gram-molecules per square centimetre 
of a unimolecular layer, then the surface area, occupied by a 
molecule, is a = 1 jC x N m9 where N m is the number of molecules in 
a gram-molecule. He measured a by dropping a known quantity 
of oil on water, and stretching this oil film until its measured 
surface tension changed. This occurred when the film occupied 
its maximum area, i.e ., when it was only 1 molecule thick. His 
values, calculated for different substances, are in agreement with 
those found experimentally for insoluble films by X-ray methods. 
Langmuir used a balance method to measure the excess pull exerted 
on a paper strip, placed in the surface and separating a pure water 
surface from one contaminated by a known thickness of oil. This 
method has been extended by Adam, f 

When a drop of some fluid is placed upon a clean water surface, 
a film of small thickness—about 1 micron (1 p,)—rapidly spreads 
from it in all directions. Hardy,} who has investigated the 

* Proc. Nat. Acad. Sci., 3, 251 (1917). 
t 44 The Physics and Chemistry of Surfaces,” 1930. 
t Proc. Roy. SocA, 88, 316 (1913). 
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phenomenon. calls this primary spreading. In addition, sometimes, 
the drop itself extends into a iilm of thickness from 50 to 5<K) 
microns, which is in tensile equilibrium with the invisible film. The 
whole may then settle down into an irregular pattern, the apparent 
spaces of which are occupied by the invisible film. There are thus 
two distinct processes, the spreading into the very thin film and 
the extension of the drop into a layer. The latter effect is called 
secondary spreading. Drops of certain fluids of low chemical 
activity and negligible vapour pressure, such as paraffin, can be 
placed on a clean water surface without the formation of the film. 

Hardy placed drops of acetic acid on a glass plate, water 
vajKiur being rigorously excluded. Although apparently all of 
each drop remained in position, there had, in fact, spread from it 
an invisible film, and the existence of the latter was proved by a 
measurement of the static friction of the glass surface, before and 
after the drop had been placed upon it. 

Secondary spreading occurs when a drop of acetic acid con¬ 
taining water is placed on a glass plate, and if several drops of the 
liquid are present on the plate, the existence of the invisible film 
is manifested in a curious way. Drops which are not more than 
1 or 2 centimetres apart attract one another. They become 
o\ al in outline, the long axes being directed towards one another, 
and move slowly across the plate until they meet and coalesce. 
The invisible film is nowhere greater than 1 micron in thickness, 
and yet it is capable of pulling larger drops of fluid along. 

Xow if a drop is to remain on the surface of a liquid without 
spreading, we must have * : 

where *Vj. *V 2 , and *V 12 are. respectively, the surface tensions at the 
liquid drop-air interface, the liquid (bulk)-air interface, and the 
interface bet ween the liquid drop and the supporting liquid. If 
the liquids in equilibrium are completely miscible, S 12 tends to 
become zero, and the drop will spread if S t > *S r 1 . In general, the 
drop will spread over the surface of the supporting liquid if S z 
> S t t as, for example, a drop of ether on water. If S 2 < 

• See ■" General Properties of Matter/’ Newman and Se&rle, p. 195 (1928). 
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$ — S 12 . the drop assumes the shape of a lens, forming a re¬ 
entrant angle with the liquid. An example of this is a drop of 
petroleum placed on water. Although S 2 may be greater than S 1 
— S 12 . the effect of dissolved substances may result in S 2 decreasing 
to S 2 ' and so becoming less than S 1 + S 12 , wher eS 2 is the surface 
tension of the contaminated liquid. This occurs with benzene, or 
oils containing fatty acids, dropped on water. 

In other types of spreading the drop does not extend as a homo¬ 
geneous thin lamina, but undergoes a superficial solution. If the 
spreading substance is volatile, it may vaporise from the surface 
<jf the drop and condense on the clean surface of the supporting 
liquid. This decreases the free energy of the latter, and we obtain 
another type of spreading, through the vapour phase, even if 
S 2 < -f s i2 . For example, carbon disulphide will spread on 
water by this means. 

If a layer of sensible thickness of a pure liquid, such as benzene, 
is formed on water, and allowed to thin, or evaporate, a sudden 
rupture occurs when a critical layer thickness is reached, and the 
benzene collects into a number of flat discs, or lenses. If evapora¬ 
tion is stopped, these lenses will coalesce into a single large lens, 
surrounded by an area of water covered with a very thin layer of 
benzene. The liquid underneath is saturated with benzene, so 
that tlie vapour pressure above the lens must be identical with 
that above the thin layer. The formation of such primary layers 
on water takes place from the drop itself, only when the sum of 
the tensions of the upper and low r er surfaces of the lenticular drop 
is considerably less than that of water, or. 


For example, with oleic acid : 

74 > 15 H- 31. 

When S x + S 12 is only slightly less than S 2 , the drop does not 
flash over the water surface, but remains apparentlv unaltered. 
It is, however, the vapour phase which condenses to form the 
primary composite surface. Thus, with octane, 

74 > 20*6 + 53. 
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WIiHft* r primary, or secondary, spreading does, or does not, 
oi-nir on a Hu id face depends mainly upon the relative values of the 
surface tensions, but on a clean solid face it must depend wholly 
ujfoii tin/ vapuir tension. If vapour is given off, it will condense 
to form a primary eonq>osite surface, and this, being contractile, 
may pull the drop itself into a secondary surface. The fact that 
paraffin and castor oil do not spread at all on clean glass is due to 
their low vajwjur tensions, and is no evidence as to the tension of 
the glass-oil interface. 

It lias been uotcxi previously, that in the ease of the spreading of 
insoluble oils on water, the thin layer in equilibrium with a lens of 
an oil, such as oleic acid, is unimolecular in character. Langmuir 
punted out that if the molecules in the film are regularly orientated 
on the surface of the water, owing to the attraction between the 
hitter and the active groups of the organic liquid, such groups 
as C’OOH and t‘H 3 OH are dissolved in the water. Long hydro¬ 
carbon chain** are attached to these groups, and the molecules 
have no tendency to dissolve, but stand vertically in the surface. 
There is no particular reason, therefore, for another layer of oil 
molecules to spread out over the first and form a second layer. 
Langmuir measured the cross-section and length of the molecules 
in the surface layer, and showed that in many cases, such as oleic 
acid, palmitic acid, etc.* the length of the molecule is greater than 
the cross-sect ion, i.e., the molecules are asymmetric. As the chain 
length increases, the lateral adhesion increases, and the area 
occupied by two adjacent molecules is reduced. This has been 
noted experiment ally. 

Since the films of fatty acids, and the other substances investi¬ 
gated, appear to be only one molecule in thickness, and to have 
all the molecules arranged in similar orientation—often simply 
perpendicular to the surface—measurement of the mechanical 
properties of films, consisting of a know n number of molecules of a 
pure substance, affords unusually direct information concerning 
the force fields round individual molecules. 

Langmuir * brings a great deal of evidence to show that the 
force fields are the cause of chemical combination, in its widest 

* L&c. Ht. 
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ser.se, and of cohesion and surface-tension phenomena. This 
idea is confirmed in a remarkable manner by his experiments upon 
thin films of various insoluble fatty acids, esters and alcohols, 
spread upon water. The molecules of such substances attach 
themselves to the water by those atomic groups, which exhibit 
residual polar affinity in the reactions of organic chemistry. This 
definite localisation of the points of attraction in the molecule 
produces an orientation ; as stated above, the palmitic acid mole¬ 
cule turns perpendicular to the surface, while oleic acid, being 
attached by the carboxyl group and also at a point in the middle 
of the chain, is bent down towards the water at the latter 
point. 

Recently Adam * has done a great deal of experimental work in 
connection with films on water surfaces. His apparatus consists 
essentially of a float of metal foil, paraffined and joined to the side 
of the trough containing the water by very thin, flexible strips of 
gold ribbon, placed vertically in the water. By means of a system 
of torsion wires and an optical lever, the position of the float and 
the force needed to bring it to any given position are recorded ; in 
this way the surface pressure *f* is measurable to about 0-01 dyne 
per cm. 

If the molecules comprising the film are not aggregated together 
into a mass, they form a gas film and partake of the thermal 
agitation of the water molecules, and if they are insoluble, only 
the two components of translatory movement in the surface can 
produce displacement of the molecules over considerable distances. 
If the molecules have an average kinetic energy of translation in 
each degree of freedom, equal to J FT , the surface pressure F 
obeys a perfect gas relation, FA = FT, If A is the film-area per 
molecule in square Angstrom units, F has the value 1-372 per 
molecule. At room temperature. F A should have a value about 

* Loc. cit. See also Trillat and Nowakowski, Ann. de Physique , 15, 455 
(1931). 

f If an Insoluble and non-volatile substance, which forms a stable film, 
is spread on the surface of water, it exerts an outward force on a barrier in 
the surface, provided that the far side of the barrier is in contact with clean 
water. This force is the surface pressure , and is quantitatively equal to the 
depression of the surface tension by the film. It is a function of the area A 
of tiie film. 
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too. With the insoluble films, values of R approaching to the 
p< rf't ct i»as vahi** have not been found at pressures above a few 
truths nf a dyne; as the area is decreased below about 4,(XX) 
square Angstrom units, phenomena analogous to cohesion in gases 
are found. The isotheriuais relating F to A , or FA to F. resemble 
ilosely tin* P ~~ V and PV — P curves of vapours in three 
dinieii-mnv. The FA — F curves of Rideal and Schofield,* obtained 
by using Gibbs's adsorption equation, and those of Adam and 
Jessup.* using direct measurements of surface pressure, fit 
exactly; this coincidence constitutes a proof that the adsorbed 
films art' out* molecule thick. 

When the films are below a critical temperature, the value of 
which depends on the constitution of the molecules, there is a 
region of cm instant surface pressure, apparently analogous to 
vapour pressure. These vajxjur pressures are never greater than 
0*#q dyne. In the region of constant pressure, the isotheriuais 
indicate that there must be two surface phases in equilibrium, 
liquid and gaseous. The liquid film to which the gas film con¬ 
denses may be either w hat is termed the condensed film . or the 
A : {“tedrd film. In the condensed film the molecules are 

closely pucktd and orientated nearly perpendicular to the surface. 
The Ih;:::d~e\p.i!i-h d films are more compressible, and have a 
great* r area than the condensed films. 

The condensed films are the most closely packed form of films; 
but a considerable variety of different packings is possible- When 
the jxolar group adjacent to the water is small enough, the mole¬ 
cules pack to 20-4 square Angstrom units per molecule under the 
forces of cohesion alone, without external compression. Con¬ 
densed films arc also found of slightly greater area, in which the 
jmlar ends of the molecules alone seem to be in contact. In these 
films I closely packed heads) the area generally depends on the 
nature of the head, and is a measure of the maximum cross-section 
«>f the end group, as j jacked in the films. Occasionally the stability 
of one, or other, packing in the films is dependent on temperature ; 

* Pnw. R*,y. Sot.. A , 11®, 167 (1026). 

t Ijht. ext. See aJbw» Maroelin. Com pies Rendus, 189, 236 (1929). Emir, 
ibid., 189, 2:19 < 1029) stad Gtiastalla, ibid., 189, 241 (1929). 
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there is allotropy, with a transition temperature between the two 
forms. 

Many substances—the amides, fatty acids, bromo-acids and 
nitriles—condense from the gaseous state of the films into the state 
of the liquid-expanded film. The latter area is about 48 square 
Angstrom units per molecule at no compression ; the films are com¬ 
pressible to two-thirds of this area, or less, by forces of the order of 
‘20 dynes per centimetre. The area of the liquid-expanded film of 
48 square Angstrom units does not appear to depend either on the 
length of the chain, or on the nature of the head ; it must therefore 
be determined by the chain, orientated in such a way that the 
length does not affect the area. The area of the chain packed as 
nearly vertical as possible is 20*4 square Angstrom units. Adam 
and Jessop * suggested that in the liquid-expanded films, the 
chains are coiled down in the form of a helix, with axis vertical, 
the molecules being in contact in this configuration. Later Adam 
abandoned this theory and postulated that the chains have con¬ 
siderable tilt. 

In some cases it does not appear possible for the liquid-expanded 
film to exist. The effect of rising temperature on these films is to 
cause the condensed films to change directly into a state which 
passes later, without discontinuity, into the gaseous film, whereas 
the liquid-expanded film passes with discontinuity into the gaseous 
film. The existence of a constant vapour pressure is the criterion 
for a liquid-expanded film. 

The orientation of the molecules in the dilute vapour and 
gaseous films is probably horizontal, and there is often appreciable 
delay in reaching the equilibrium packing in condensed films, in 
some cases as much as five minutes. 

Recently, Emir 'j* has studied surface films of oleic acid on 
mercury. The behaviour is similar to that on a water surface, the 
phenomenon of saturation being observed. The superficial pres¬ 
sure corresponding to saturation is 60 dynes per cm., or about 
double that observed on water. The thickness of the saturated 
film is 24 Angstrom units, and 23 Angstrom units has been 

* Trans. Farad. Soc ., 22, 471 (1926); ibid., 24, 53 (1928). 
t Comptes Rendus , 190, 176 (1930). 



Hit THE GENERAL PROPERTIES OF MATTER 

uhMTvrd with water. It appears that in both eases the molecules 
arc in contact at the saturation point, and that the orientation 
of the molecules is tiic same on mercury and water* 

Another interesting branch of the theory of liquid interfaces is 
interfueial electrification. Whilst there undoubtedly exists a 
| potential difference at an air-liquid interface, its measurement in 
absolute units has not yet been achieved. The change in potential 
produced bv the replacement of the liquid surface by a Gibbs's 
layer of known composition (adsorption of solute molecules to a 
definite e<meentrati< m) can foe readily ascertained.* This alteration 
in the potential difference is caused by the.replacement of a free, 
and possibly orientated, water surface possessing an electric 
moment, by one containing orientated solute molecules. Not only 
can solute molecules alter the interfacial potential difference by 
orientation, but ions can effect similar results. Thus, in the case 
of a mercury-electrolyte interface (capillary electrometer) the 
charge on the mercury surface will cause an ionic distribution to 
be set up in the neighbouring solution, which has an equal and 
opposite charge. Helmholtz + was of opinion that this simply 
consisted of a layer of ions of sign opposite to that of the sur¬ 
face charge, and in number sufficient exactly to neutralise it. 
Schofield * has found, however, that when a negatively-charged 
mercury surface is in contact with a sodium chloride solution, 
chloride ions arc in deficit at the interface. Such a deficit is to be 
expected on a theory put forward by Gouy § in which the volume 
electrification set up extends some distance from the mercury 
surface and is due, partly, to an accumulation of ions, carrying a 
charge opposite in sign to that on the surface, which are attracted 
to it, and partly to a deficit of ions, carrying the same sign of 
charge as the surface, which are repelled from it. To satisfy 
experimental data, however, this diffuse double-layer of Gouv must 
foe replaced fov a composite double-layer of a type originally 
suggested by StemJj and consisting of one of the Helmholtz type 

* See Fnankin, ZeiU. phys. Ckem ., 116, 485 (1925). 
t *" l*hysical Memoirs,” 1888. 
i Tram. Farad. S&e. , 22,455 (1926) . 
f Ann. de Fkynqme. 7. 129 (1917). 

Zctif. 36,506 (1924) 
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and outside this, a diffuse layer. It is unlikely that the condensed 
Helmholtz-type layer is more than about 4 Angstrom units thick 
at a water-mercury interface, otherwise it would interfere with the 
diffuse layer. Hence the effective dielectric constant of whatever 
separates the charges on these ions from those on the surface 
cannot be 80 (specific inductive capacity of water), since in this case 
the thickness would be about 40 Angstrom units. Neither can it 
be unity, as the charges would then be separated by only 0*5 
Angstrom unit, which is less than an atomic diameter. Stern 
supposes the necessary dielectric constant, of value 4 to 8, to be 
that of the ion itself, but it seems more probable that the charges 
are separated by a layer of water molecules, which, owing to the 
intense fields, are approaching dielectric saturation, i.e., complete 
orientation. 

In the diffuse layer the force which causes the volume electrifica¬ 
tion is the charge on the surface of the metal or rather, the charge 
on the surface of the metal, less that on the ions in the condensed 
layer. But from a study of electrocapillary curves, like those for 
KI, it is evident that another force may come into play in the 
condensed layer, for iodide ions form a condensed layer when the 
potential difference across the interface is zero, or even negative 
(mercury negative with respect to solution), in which case the 
electrical forces are driving them from the surfaces. This is 
evidently a case of selective ionic adsorption, in which an ion is held 
to the surface by a chemical, or quasi-chemical, force, and indicates 
how a complex ionic layer may be built up on a non-conductor. 

Gouy * showed that the shift in the position of the maximum 
of the electrocapillary curve, caused by the presence of capillary 
active organic substances, is proof that the molecules adsorbed at 
the mercury surface affect the electric moment of the interface -f 
Frumkin’s J measurements of the changes in the total potential 
difference at a water-air interface, caused by spreading a uni- 

* Loc. cit. 

t By considering the average volume charge in a lamina, no lower limit need 
he set to its thickness. It is thus possible to speak of p, the volume density of 
electricity in a lamina of infinitesimal thickness dr, and to evaluate M = 
the electric moment of the interface. 

t Loc. cU. 
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molecular Him of an insoluble fatty acid over the surface, indicate 
that the addition of each orientated COOH-group changes the 
electric moment of the interface by an amount which is only 
slight!v dependent on the number of molecules already present, 
per unit area of surface. The change in moment produced by each 
molecule cannot be identified with the electric moment of the 
nioleeuh* itself, as besides displacing water molecules, which may 
themsehes have contributed to the interfacial moment, each fatty 
acid molecule will, by its presence, lead to changes in the effective 
moments of surrounding molecules, and also cause a redistribution 
of neighbouring ions. Since these films may alter the potential 
difference acre »ss the interface by half a volt, in some eases, it is clear 
that molecular orientation is an important factor in contributing 
to the electric moments at interfaces. 

It hits been shown that many organic molecules lower the 
surface tension by reason of a two-dimensional kinetic bom¬ 
bardment pressure. Though the molecules have a moment, they 
do in it appear to repel one another appreciably on this account. 
The effect of an ion, and its complementary charge, on the inter- 
lacial moment is approximately ten times that of a fatty acid 
molecule. Since the lateral repulsion of the ions depends on the 
square of the moment, it may be a hundred times greater than 
that due to organic molecules. Thus, we find a surface-tension 
lowering of some OO dynes per cm. for 10~ 10 gram-ion per sq. cm. 
it he lowering of the surface tension by many organic molecules 
approximates to 2*4* dynes per cm. for a surface concentration of 
10~ 10 gram-molecule ]>er sq. cm.). In the case of ion-adsorption 
the surface-tension lowering varies approximately as the square of 
the surface concentration, which is to be expected if it is mainly 
due to doublet repulsion, as the latter varies inversely as the 
fourth power of the distance, i.e., inversely as the square of the 
area t Kvupied by each doublet. In this transition from adsorption 
of jwdar molecules to adsorption of ions the purely electrical effects 
thus increase in magnitude, as is to be anticipated from the 
increasing value of the electric moment. Even in the extreme 
cases of completely dissociated electrolytes, however, the chemical 
adhesion is one of the most important factors. 
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Frumkin * obtained the approximate value of 0*4 volt for the 
difference between the total potential difference at air-water and 
air-alcohol interfaces, and this difference showed no signs of 
dropping to zero in the absence of an electrolyte. It thus appears 
that in this case the difference in total potential difference is 
mainly due to a substitution of orientated alcohol molecules for 
water molecules in the surface layer, an idea which is supported by 
the fact that ethyl and methyl alcohols have almost the same 
interfacial potential difference against air. When electrolytes are 
present, an ionic distribution is set up in the neighbourhood of 
the surface which gives rise to electrokinetic phenomena, but 
which makes only a small contribution to the total potential 
difference. 

It appears that there is no essential difference between electrical 
and chemical adsorption. Ivar and Ganguli f assumed that the 
adsorption of ions occurs independently of one another and that 
in the case of positive and negative ions both electrical and 
chemical adsorption take place simultaneously, although for a 
given ion either electrical or chemical adsorption predominates. 
From these assumptions a formula is developed which gives the 
relation between the concentration of the ions and the amounts 
adsorbed. 

Very recently a new type of method has been developed for the 
examination of surface films. Schulman and Rideal J measured 
the potential difference between a platinum wire situated above 
the surface of a glass trough and a calomel electrode, establishing 
contact with the liquid in the trough. A small quantity of 
polonium was electrodeposited on the platinum wire. With this 
apparatus reproducible air-liquid potential differences could be 
obtained, independent, within relatively wide limits, of the 
distance of the polonium-coated wire above the surface of the 
liquid in the trough. 

Joffe and Lukirsky § have also measured the potential fall at a 
molecular layer of stearic acid on a gold plate by means of 

* Zeits . phys. Client ., Ill, 190 (1924). 
t Zeits. /. Phys., 61, 411 (1930). 
t Cambridge, Phil. Soc. Proc., 26, 2T3 (1930)* 

§ Journ . de Phys. et le Radium , 1, 405 (1930). 
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ionisation caused by polonium placed at a suitable distance 
t hero from. From their results they conclude that in the first 
lavcr the molecules of stearic acid arc all attached to the plate by 
thV same end of the chain, or by opposite ends, according as the 
plate is alkaline, or acid, the next layer is attached to the first in 
the opposite way. while the third is arranged as the first. 

7. Adsorption on Solids. Adsorbed molecules on solids are also 
orientated. Evidence of this molecular orientation by’ surface 
is available from the work of Hardy* on lubrication, from the 
behaviour of crystalline liquids at plane surfaces,*?* and in the mode 
of crystallisation of long-chain acids on the surface of mica.J 
Constable and Palmer § have also shown that the temperature 
coefficient of the reaction for different alcohols is constant. This, 
they* explain, as due to the group on the surface, CH 2 OH, being 
adsorbed by* the surface in all cases. 

The formation of monomoleeular films on adsorption from 
solution has been observed by numerous workers, and definite 
evidence has been obtained by Bartell and Miller that with 
organic j>olar compounds orientation on a carbon surface occurs 
from solution. They conclude that the polar groups are extended 
into the water phase, and that the hydrocarbon is directly* in 
contact with the surface. 

When we compare the results of X-ray* work with those obtained 
by a st udy of thin films as above, we see that there is a close relation 
between the type of orientation found in molecular aggregates, 
other than solids, and that which is the principal characteristic of 
the crystal. The study of films of long chain compounds shows 
that they very* readily* form layers in which the molecules are 
arranged side by* side, parallel to one another. Adam's measure¬ 
ments of the cross-sect ion of the molecules in close-packed films 
agree with those determined by X-ray* work. 

The arrangement of molecules in an orientated film is a replica, 
or less perfect, of crystalline structure. X-ray measurements 

• mu. Tram., ,4, 230, i, (I&Sl). 

f See FriedriU At Pkymque, IS, 273 (1922). 

t See Muller And Stesurer, Jaunt. Cbem. S&c ., 123, 2*043. 3152 (1923). 

$ P*oe. Jtef. Sec., A, 1*7, 255 (1925}. 

i Jmmrm. Pkm. C 
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have shown that in crystals of these long-chain compounds, i.e 
substances whose molecules are based on a long open chain of 
carbon atoms, there is one set of planes whose distance apart is 
verv much greater than that of any of the other planes. Further, 
the value of this spacing increases uniformly as the carbon content 
of the molecule is increased. This at once suggests that the 
spacing is closely connected with the length of the molecule, and 
confirms the chemical deduction that the carbon atoms are 
arranged in chain fashion. For a given carbon content, the actual 
value of the spacing approximates to one or other of two values, 
one of which is just double the other, i.e ., the rate of increase per 
CH S group is twice as great as in the other. This suggests that 
in one case we have to deal with an arrangement in which succes¬ 
sive identical planes are separated by a single layer of molecules 
while in the other there is a double layer. Results show that if the 
molecule has, at one end, a group which is chemically active, 
e.g. f COOH, then the double layer will be found ; if both ends 
are inactive, as in the hydrocarbons, only a single layer will 
occur. As it appears to be the active groups which result in 
the formation of the double layer, the natural conclusion is that 
the two layers are oppositely orientated, the active groups of 
the bottom layer being directed towards the active groups of the 
upper layer. 

The double and single layers which we find in these long chain 
crystals have probably a considerable bearing on the possibility of 
the formation of orientated films. Generally speaking, it would 
appear that those substances which form into crystals with double 
molecular layers are those which readily give rise to highly 
orientated films. The film of, say, stearic acid on water, although 
of monomolecular thickness, should preferably be considered as a 
double layer of orientated molecules, the one layer being acid, the 
other water, with their active groups orientated towards one 
another. 

X-ray examination shows that in cases where a double layer is 
formed, the outer ends of the double layer are always the inactive 
groups. In the case of a crystal of stearic acid, for example, the 
groups which appear on any cleavage plane of the crystal are CH 3 
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and never carboxyl groups. This fact seems to be of some 
dgnilicamv in connection with Hardy's lubrication experiments.* 
He suggests that in the limiting case, there is, between the two 
sliding surfaces, a double layer of molecules of lubricant, one layer 
being attached to each surface, and the sliding taking place be¬ 
tween the two layers. It seems rather improbable that a set of 
t’OOH groups will slide easily over another set, so that if the 
molecules are standing up from the surfaces, their carboxyl groups 
must be attached to the surfaces. X-ray measurements, on the 
other hand, show’ that the carboxyl groups have a strong tendency 
to come together. Either the attractions of the various surfaces, 
used in the experiments, for the carboxyl group are very much 
greater than the attractions of the carboxyl groups for one 
another, or the true explanation of the phenomenon is that the 
type of molecular orientation, under the conditions of these experi¬ 
ments, is different from that found in the ease of films of stearic 
acid on water. 

Pure liquids give X-ray diffraction bands,t which suggests 
that in the body of a pure liquid there exist small groups of 
orientated molecules, so it appears that any’ attempt at orientation 
is essentially an attempt at crystallisation. 

8. Viscosity of Liquids. The study* of the viscosity* of liquid* 
has in the past consisted largely* of a collection of more or less, 
well established empirical relations. There was, until recently, 
no general theoretical basis for the subject, e.g. 9 no physical 
mechanism had been put forward to account for the decrease of 
liquid viscosity with temperature, in contrast to the familiar and 
well explained increase of gaseous viscosity* with temperature. 
Many* empirical formula 1 % have been proposed to represent the 
variation of liquid viscosity with temperature, but they* have all 
at hast three arbitrary* constants and a very* limited range of 
vability. Recently, renewed interest has been created in the 
subject, and Andrade § has given a general account of the influence 
of temperature on liquid viscosity*. In addition, he has deduced a 

* Pruc. Jtoy. A, 104, 25 <1923). 

+ S** Keesom awl Smedt. Pnx. Acad. Sci., Amsterdam, 26, 112 (1023). 

J See Haijiehelt*® ** The Viscosity of Liquids.” 

1 .Voter*, 125 , SOS, 5S0 (1990) 
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simple formula which fits the experimental facts very well. The 
formula is : 


where 7; is the coefficient of viscosity, T , the absolute temperature 
and A and b , constants. It holds over practically the whole 
temperature range with a great variety of substances. A test 
of the formula is provided by Porter’s general viscosity relation, 
which states that if two liquids be examined throughout a 
sufficient range of temperature, a number of temperatures 
can generally be found for one liquid (I.) at which the viscosity 
is the same as it is for the other liquid (II.) at a number of tem¬ 
peratures T 2 . If T x /T 2 is plotted against T 19 a straight line 
results. 

This relation follows at once from Andrade’s formula. For if 
A v b ± and A 2 , b 2 are the constants for liquids (I.) and (II.), then : 

A 1 e bl!Tl — A 2 e balT - s 


so that, 


log 




constant , 


for the two liquids concerned and also : 


or, 



T 2 


h 

2Y 


TJT t = a + P T lt 


where a and are constants. This is the experimental relation¬ 
ship. 

Andrade, in arriving at his formula, takes two layers of molecules 
parallel to the direction of motion of the liquid, and considers the 
transfer of momentum betvreen them. He supposes that the 
momentum is transferred from layer to layer by a temporary 
union of molecules in contiguous layers, the duration of this union 
not exceeding the very brief time required for the molecules to 
acquire a common velocity of translation. The union takes place 
under the action of the residual field of the molecules, which 
suffices to bind them permanently in the solid state, but is over¬ 
come by the energy of motion in the liquid state. General 
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considerations suffice to show that the greater the temperature 
agitation, the smaller the probability that the residual field of 
fixed average strength will result in temporary union for a given 
molecule. The viscosity of a liquid, therefore, decreases with rise 
in temperature until finally the energy of motion overcomes the 
molecular field and the liquid boils. The general picture is one of 
the liquid crystallising temporarily in minute patches ; at the 
temperature of solidification, the crystallisation becomes general 
and permanent; at the boiling point, it must be very small. 

Andrade next supposes that the temporary combination repre¬ 
sents the position of minimum potential energy of the molecule 
with respect to the local field, the tendency of two molecules to 
combine being opposed by the thermal agitation. Then the 
constant b is of the form —E;k, where E is the energy, numerically 
negative, of juxtaposition and the Boltzmann constant. 

The constant A may be taken to a first approximation as 
independent of temperature and contains as factors J/ a 
where M is the molecular weight and p, the density. The formula 
for viscosity virtually assumes that the number of impacts is 
independent of the temperature, the effect of the increased velocity 
being opposed by certain factors, such as the expansion. 

Andrade distinguishes between true association, as occurring in 
liquids ordinarily called associated, and the brief union needed 
for the sharing of momentum postulated for all liquids. True 
association, in which the molecules are bound together in clusters 
of two, or more, for a time large compared to the intervals between 
collisions, leads, w ith the mechanism postulated, to an increase of 
viscosity. 

In the ease of water the formula 77 = Ae b T expresses the 
viscosity coefficient within 0*5 per cent, from 100° to 60° C. s when 
the deviation begins to set in and rapidly increases. 

For water and other associating liquids a formula of the type ; 


is also appropriate, the term (1 + ote~^ r ) expressing the decrease of 
association with temperature. This formula has four constants, 
but four ceuwiaate are commonly used in empirical formula 
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designed to fit water. It gives the coefficient of viscosity over the 
range, T = 263-7° (supercooling of 9° C.) to T — 363°, within 
0-25 per cent. 

Among other formula which have recently been proposed to 
represent the variation of viscosity with temperature may be 
mentioned the following : 

Madge * finds that the formula : 


holds for a number of liquids over a wide temperature range, 
such liquids including both normal and associating ones. The 
formula has three constants, but is similar to that of Andrade’s in 
that it contains an exponential function. From general molecular 
theory and in view of the direct relation between viscosity and 
vapour pressure, it is probable that an exponential form of 
equation for viscosity and temperature will prove to be most 
satisfactory. 

Black f has pointed out that Andrade’s formula does not give 
such good agreement when applied to measurements on some 
mineral oils as does the formula : 

C 


where t is the temperature in °C. and C, a and n, constants depend- 
ing„on the liquid used. The value of C, obtained from eight oils 
of widely varying viscosities, can be expressed with considerable 
accuracy by the formula : 

C = ad n , 

where a and d are constants, which are independent of the nature 
of the oil and the approximate values of which are 1-5 X 10~ 3 and 
400, respectively. 

Sheppard J has independently put forward a formula similar to 
that of Andrade’s. 

* Nature, 130, 580 (1930) ; see also Joum. Phys . Chem 34, 1599 (1930). 
t Nature, ISO, 581 (1930), 

| Ibid., 489 (1930). 
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CHAPTER IV 


ACOUSTICS 

During the past ten years the development of acoustics, 
particularly as regards the new methods of investigation, has been 
most marked. On the one hand, the range of frequencies with 
which the subject was formerly concerned has extended into 
regions beyond audition—into the supersonic region , i.e ., the 
region of very high frequencies, and also into that of very low 
frequency air pulses. On the other hand, acoustics has extended 
into a new area—the so-called electro-acoustics , which is based on 
the telephone and loud speaker, and the study of acoustics is now 
most keenly pursued, not for its intrinsic scientific interest alone, 
hut also because of its utilisable results.* 

1. Velocity of Sound in Liquids. From a practical point of view, 
the most interesting liquid in which the velocity of sound has been 
measured recently is sea-water. Accurate measurements of the 
velocity of sound in the sea are imperative because of the various 
methods, which are now in use, to measure depths and distances 
in the sea. 

Wood, Browne and Cochrane f carried out an extensive series 
of velocity measurements off Dover. Four hydrophones J were 
fixed at intervals of about four miles on a base line running approxi¬ 
mately north and south, the positions of these hydrophones being 
known to within one part in 10,000 of the total base line. Each 
instrument was connected by cable to a string in an Einthoven 
galvanometer ; a fifth string was operated by the half-second ticks 
of a chronometer, while a sixth string recorded a wireless signal 
sent from a destroyer at the instant a depth charge was fired. 

* An admirable and stimulating review of modern acoustics is given by 
Beeles in the Proceedings of the Physical Society , 41, 231 (1920). See also a 
report on Audition, Proc . Phys. Soc ., (1931). 

f Proc. Roy. Soc., A , 103, 284 (1923). 

| A hydrophone is an under-water microphone. 
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The impulses recorded by the strings were photographed on ;i 
slowly ni(i\ ing iihu, which was developed and fixed automaticully. 
The planographic* record was crossed by a series of line lino, 
marking seconds, tenths and hundredths—for very accurate work 
thousandths of seconds could he estimated. These time marks 
were made by means of a phonic wheel, controlled by an electrically 
maintained tuning folk. 

During the velocity measurements, continuous observations 
were made of the sea conditions, i.t 7 .. temperatures and salinities, 
and corrections applied, if necessary, for tidal flow. Preliminary 
investigations had shown that the velocity was independent of 
the amount of the exph sive charge, within the limits 2*25—300 lb., 
and that thcie was no certain variation of velocity with the depth 
of the charge, 10 to MS feet. To eliminate the error due to the 
uncertainty of the position of the charge in an east and west 
direction with re spec t to the base lint* (north to south), a multiple- 
charge method was employed. About ten small charges were 
fired at approximately equal time-intervals, and equal distance 
intervals, along a line perpendicular to the prolongation of the 
base lines of the hydrophones. The recorded time interval 
between the reception of the sound by a pair of hydrophones was 
a maximum for that charge tired nearest in line with the hydro¬ 
phones. and for the charge tired from a position on either side* 
of the base line, the recorded time interval w*as less. A curve 
was then obtained, showing the relation between the time 
interval and the number of the charge fired, and from this curve 
the maximum time interval, corresponding to the passage of the 
sound from one hydrophone to the adjacent one, could be deter¬ 
mined. In one particular case the distance between adjacent 
hydrophones whs 70,245 — 7 feet, and the maximum time interval. 
1 *'17tJ gz 9*001 seconds. From these results the velocity of sound 
in the sea is 4.933-4 — 1 ft. per see., corresponding to a mean 
temperature on the base line of 16-95 3 C. and a salinity 35-02 per 
cent. The results of the complete investigation gave for the 
velocity of sound in the sea : 

4,626 4- 13*8 i — 012f 2 + 8*73 S feet per sec., 
or, 1,410 -r 4-21 t — G-037f 2 4- 1*14 S metres per sec.. 
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t being the temperature in °C., and S , the salinity in parts per 
thousand. 

Stephenson * found the velocity of sound to be 1,453 metres per 
second, over a distance of about 15,500 metres, through the waters 
of Block Island Sound, New York, at 0-3° C. He determined the 
time for the sound wave, produced by the explosion of a bomb, to 
travel to each of five hydrophones, anchored at widely separated 
points, and the distance travelled in each case. The depth varied 
from 18 to over 50 metres. The results from the five independent 
determinations for each of four bombs were all within dz 0*2 per 
cent, of the average. 

Although the velocity of sound through the sea varies little with 
the depth for small depths, it is evident that in the oceans, where 
the depth may exceed four miles, the velocity in such regions must 
differ appreciably in value from that near the surface. This factor 
is important in depth measurements. Both the elasticity and the 
density of the water vary with the pressure, the elasticity increas¬ 
ing more rapidly than the density. Mathews "j* has calculated 
values of the elasticity, density and velocity at depths varying 
from 0 to 30,000 feet, the pressure at the latter limit reaching 
1,000 atmospheres, and the velocity increasing by 160 metres per 
second above its value near the surface. 

Heck and Service,| using an echo method, § measured the 
variation of velocity with depth for depths ranging from a few 
fathoms to 4,500 fathoms. There was close agreement between 
observed and calculated velocities. 

Conditions in the sea are much more consistent than they are 
in the atmosphere, but although the temperature gradients, for 
example, in the sea are less than in the atmosphere, they become 
important under certain conditions. Such gradients cause refrac¬ 
tion of the sound ray, upwards or downwards, according to 
the sign of the temperature gradient, the ray being multiply- 
reflected from the bed, and surface, of the sea. The vertical 
spreading is thus restricted, and as the absorption in water is less 

* JPhys. Rev., 21, 181 (1923). 

f 44 Dictionary of Applied Physics,” 3, 665 (1923). 

* U.S. Coast and Geodetic Survey, No. 108 (1924). 

§ See Section 9. 
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tham in flit* ,dm**-{-?*■ t* . greater ranges are obtainable in the >ea 
for an expenditure of a •riven amount of power than are obtained 
in lilt* atmosphere, For example, the sounds of the propellers of a 
targe vessel may sometimes be heard at eight or ten miles away 
from the boat, but the ran ire of audibility depends upon the state 
of the sea, ?.**.. the presence, or ahsenee. of breaking waves, etc. 
it is also probable that the presence* of suspended air-bubbles in 
the water greatly decrease's ibis range. 

I.iefite * has fount! that the range of transmission of under¬ 
water signals varies according to the season of the year. This 
fact he attributes to the refraction produced by temperature 
gradients in horizontal layers of the sea. 

Lubcke * noted that the velocity increases by 0-2 per cent, for 
3 ( . rise in tempt rature, 0-11 per cent, for 100 metres increase in 

depth, anti 0*1 per cent, for 1 percent, increase in salinity. As 
the sound travels into deeper water, the velocity first decreases 
owing to the fall of t* mperature. and afterwards increases on 
account of increase of pressure. Omitting the coldest and 
warnust seas, an average velocity for all depths is found to be 
1.400 nietn s per see., and an international average of 1,500 metres 
]n r see. is suggt stul for navigational purposes. 

2, Explosive Sounds of Long Range. Explosion sounds, such as 
those heard when the shell is tired from a gun, give rise to pressure 
wave s of large amplitude, which can be detected, either by the ear 
or some suitable apparatus, at long ranges. The ejection of 
the shell from the gun produces waves of low' frequency, often 
referred to as odVu-v;u nd>* so that an observer at some distance 
from the gun detects what seems to be a continuous train of 
waves, due to the numerous reflections of the pulse from objects 
in its track. Near the source the velocity is high, and the wave 
form changes as the wave progresses. 

A curious effect connected with these large explosions in air is 
the existence of zones of silence. For example, when a large charge 
i> exploded, the sound is heard up to a distance of 60 miles, 
approximately, and again beyond 1.00 miles, but not within the 

* See “ I ’ntcnriwerwlitlHcchnik” Berlin 

f ZriU, f. teehn. JP 
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range from 60 to 100 miles. The direct wave travelling along the 
earth's surface is steadily attenuated, the amplitude decreasing so 
much that at a distance of 60 miles, or so, the sound cannot be 
detected. Beyond 100 miles the sound is received via the higher 
atmosphere, the waves being reflected, or refracted, so that they 
finally take a downward path to the ground. Whether this down- 
coming wave is due to reflection from a layer of the stratosphere, 
30 km. from the ground, or whether it is due to refraction brought 
about by air currents and temperature gradients, is still open to 
discussion, but the effect is undoubtedly due to meteorological 
conditions. 

Systematic research on the propagation of air waves is now being 
carried out in Germany and England. In Germany, explosions 
produced for the purpose are utilised, while in England use is being 
made of gunfire, the reception of the sound being recorded by 
means of the Tucker hot-wire microphone. This consists of a 
Helmholtz resonator in the neck of which is mounted an electrically- 
heated grid of fine platinum wire, which forms one arm of a 
Wheatstone bridge. The resistance of the hot wire is a function 
of the magnitude of the aerial vibrations in the neck of the 
resonator. A string galvanometer records the reception of the 
sound at the grid, and records from several microphones can be 
made on one moving strip of photographic paper. By multiplying 
the records in this manner, it can be demonstrated that the waves 
are coming from the right direction, and also the angle of descent 
of the waves can be determined. 

When the angle of descent is known, as well as the time of 
passage of the waves over a known distance and the conditions 
prevailing in the lower atmosphere up to the height reached by the 
waves, it is possible to determine with fair accuracy the trajectory 
of the air waves. The velocity of the wave at the highest point is 
given by the simple formula,* 

v — v 0 sec a, 

where v is the required velocity, v 0 , the velocity of the wave at 
ground level and a, the angle of descent. 

* See Whipple, Ger. Beitr. z. Geophys 24, 72 (1929). 
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In England there are six observation stations, viz., Birmingham, 
Bristol, Cardiff, Exeter. Nottingham, and Sheffield, but we have 
not been successful so far at Exeter in detecting these long-range 
wave-,. Although reception has been obtained at the other five 
stations in summer, no certain reception has been recorded during 
the winter months. The gun fire origin in the past has been at 
Shueburyncss, Yantlet or Woolwich. In one particular ease the 
air waves should have taken G15 seconds to pass from Yantlet 
to Birmingham, whereas the recorded time of passage was 711 
seconds, due to the passage of the waves up into the atmosphere 
and down again to the recording station. 

In another record at Birmingham the angle of descent of the 
waves originating at Yantlet was estimated to be 1G\ the 
apparent velocity of the waves along the ground being 355 metres 
per second, so that from the property of the trajectory of the 
wav es we deduce that this was the velocity of the air-waves at 
some height in the atmosphere. Now the temperature corre- 
sjm Hiding to a velocity of 353 metres in still air is 10G* F. If the 
air had a velocity of 20 metres per second from south-east, the 
relative wave velocity was only 335 metres per second and the 
temperature 4*3 F. The return of the waves to the earth can be 
accounted for entirely by wind, supposing the temperature to be 
that of the stratosphere, —58' F. s if we postulate the wind 
velocity to be 3G metres per second. The turning point of the 
waves was estimated to be 45 km. above the ground. On the 
same day the angle of descent at Bristol was 27-5% corresponding 
to a turning-point height of 55 km. 

Another recording instrument is the undograph, which is 
extensively used in Germany. A steel fibre is fastened to a thin 
mica sheet along an axis of symmetry, and is arranged to act as a 
taut sus(>ension. The sheet swings freely, one half, with as little 
clearance as possible, in an opening through the wall of a large air¬ 
tight box ; the other half swings in a small chamber, providing 
some dumping, but is protected from the incoming wave. The 
motion is shown by a beam of light reflected from a mirror on the 
mica, ami the* optical, mechanical, and photographic arrangements 
for recording this, along with the necessary time marker, are all 
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contained inside the box. The natural period of the system is of 
the order of a second, and the records obtained from waves just 
below the audible limit are very good, and easily distinguishable 
from accidental and wind disturbances because they are, approxi¬ 
mately, sinusoidal. 

A large body of observations has resulted from great activity 
in Germany, culminating in a systematic series of experiments 
under the Notgemeinschaft der Deutschen YVissenschaft. Early 
results indicated a marked seasonal effect, the minimum distance 
at which sound was heard in the outer zone being 110 km. in 
winter, and 190 km. in summer. Corresponding distances for 
maximum intensity were 125 km. and 230 km. The later results 
followed a searching investigation of the effect on the consist¬ 
ency of the observations of kind and amount of explosive, its 
position with respect to the ground, the nature of the soil, and 
methods of detonation. The velocity for the inner zone of 
audibility is normal for the temperature of the air at the ground, 
330-340 metres per second, but the apparent velocity for the outer 
zone is lower than this, 280—300 metres per second. The con¬ 
clusion is that the sound in the latter case has traversed a much 
longer path, i.e., through the upper atmosphere. In different 
directions from the source of the wave, the time of travel to the 
same distance in the outer zone varies by as much as 35 seconds. 

Several theories have been put forward to account for the 
existence of one or more zones of abnormal audibility. The effect 
was at first ascribed to strong winds in the stratosphere, but as 
soon as it w r as established that w r aves were received in all directions, 
this idea w r as abandoned as untenable. It was next suggested 
that the increase in velocity was due to a settling out of the 
heavier gases and the relative preponderance of hydrogen and 
helium at the heights where bending takes place. From other 
considerations, however, it seems unlikely that there is much 
change in composition below 80—100 km. Even if 25 per cent, of 
the lighter gases were possible at 50 km., the time of travel is not 
sufficient for the wave to reach the necessary height, and also the 
diminution of intensity would be too great in passing through 
regions of such low pressures. 
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The ordinary formula for the velocity of sound in a gas is valid 
only if the amplitude of the wave is small in comparison with the 
total pressure. If this is not so. the values are much greater, and 
in the immediate vicinity of explosions, velocities as great as 000 
metres per second have been observed. It has been claimed that 
the velocity increase in the upper regions is due to such a break¬ 
down of the ordinary formula, but it is doubtful whether the 
total pressure falls off more rapidly w ith height than the amplitude 
decrease* with distance from the source, when the smallness of the 
average angle of descent is considered. The supposition that above 
$0 km. the temperature of the atmosphere increases again with 
height until it reaches, or even surpasses, ground temperature, is 
sufficient in itself to account for the abnormal zone of audibility. 
The atxwe-mentioned velocity of 340 metres per second at 40 km. 
indicates a temjXTature thereat of about 15 s C. Such high 
tem}>eratures in the upper atmosphere %vere first indicated by a 
study of meteors, and it has recently been shown * that the 
absorption of solar energy in the ozone layer (centre of gravity 
about 45-30 km.) is responsible for their maintenance. This 
explanation, supported as it is by evidence from two independent 
sources, seems likely to remain as the most important in the field. 

Records of explosions in Germany have been obtained at 
Konisberg at the great distance of 578 km. from the source. 

3. High-Frequency Vibrations. Certain crystals, including tour¬ 
maline, Rochelle salt and quartz, exhibit electrical charges at 
particular regions when subjected to stresses, this effect being 
known as piezo-electricity. In all eases the crystals lack sym¬ 
metry. The converse piezo-electrical phenomenon consists of a 
mechanical strain produced in a crystal when suitably electrified. 
Thus, a plate, or rod, suitably prepared from a crystal which shows 
the piezo-electric effect, and provided with metallic coatings, can 
be brought into a state of vigorous resonant longitudinal vibration, 
when the coatings are connected to some source of alternating 
electromotive force of the right frequency. 

Owing to its unrivalled mechanical properties, quartz has thus 
far been found the most suitable material, though its piezo- 
* S©e€owawa, Beitr.su Geophys., 34, 50(1929). 
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electric effect is less than that of tourmaline, and far below that 
of Rochelle salt. On account of the occasional occurrence of 
twinning, and possibly other causes, not all quartz crystals are 
equally good. 

The main features of the piezo-electric action may be sum¬ 
marised as follows : Plates are cut from the natural crystal of 
quartz with the orientation as shown * in Fig. 14. After the 
natural crystal has been trued up by crosswise cuts, so as to form 
a prism, with the hexagonal ends, A B C D E F and A 7 B 7 C 7 . . . F\ 



which are respectively perpendicular to the natural edges AA 7 , 
BB 7 of the crystal, a rectangular slab is obtained from the prism by 
two parallel cuts P and Q, which are perpendicular to a natural 
face, such as ABB 7 A'. 

The rectangular slab so obtained has three axes represented in 
the diagram by arrows ; the optic axis O (parallel to the lengthwise 
natural edges of the crystal), the electric axis E (parallel to two 
opposite natural faces of the crystal) and the third axis B (per¬ 
pendicular both to the optic axis and the electric axis). Bet l be 
the length parallel to axis B, b, the breadth parallel to the optic 


* See Pierce, Proc. Ajmer. Acad L Arts and Set 60,271 (1925). 
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axis O and t\ the thickness parallel to the electrical axis E. When 
such a plate is placed between parallel plates of metal, so that the 
electric held is parallel to the electrical axis E of the quartz, an 
elongation in the B direction and a contraction in the E diree- 
t ion. < »r the reverse, tend to occur, according to the direction of the 
electric held. These two piezo-electric effects in the B and E 
direction*, are called the transverse and longitudinal effects, 
respectively. In general, the deformation of a crystal, when in an 
electric held, is known as the converse effect, the term direct 
effect being applied to the generation of an electric field in a crystal 
when mechanically deformed. 

If the electric held between the so-formed condenser plates is 
alternating, the plate vibrates under the impressed piezo-eleetrie 
stresses with a frequency equal to that of the impressed field. 
This frequency may. of course, be that of one of the natural modes 
of vibration of the plate. The modes that are of chief importance 
in quartz are longitudinal vibrations ; i.e., stationary compres- 
sional waves in the B, or E, direction. Any given plate possesses 
a fundamental frequency of vibration in each of these directions, 
together with overtimes which are very nearly in harmonic relation 
to tin* fundamentals. In addition, other modes of vibration are 
nearly always present, and are sometimes a source of annoyance, 
particularly with the longitudinal effect (E direction). By making 
use of the transverse effect (longitudinal vibrations in the B direc¬ 
tion) in narrow rods, these troublesome nondescript modes of 
vibration can easily be eliminated, at least in so far as the funda¬ 
mental and the first few overtones are concerned. 

The relation between wave-length and frequency of longitudinal 
vibration in any direction in quartz may be calculated from the 
density and Young's modulus. The density, p, of quartz is 2-654, 
and Young's modulus, Y, for extensions parallel to either the E 
or B axis, is about 8 x 10 11 dynes per sq. cm. Hence for the 
velocity, r, of eompressional waves for either the longitudinal, or 
the transverse, effect we have : 


v 



= 5*5 x 10 s cm. per sec. 
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From this, the wave-length, A, of the waves in the crystal is 
given by : 

5,500 

a = ~ 7 ~’ 

approximately, where f is the frequency in kilocycles per second, 
and A is measured in millimetres. If the boundary surfaces of the 
plate are free, the fundamental vibration has a node at the centre 
of the plate, so that l is a half wave-length for the transverse effect, 
and t\ a half wave-length for the longitudinal effect. 

For the fundamental frequency we have, on substituting 2e or 
21 for A in the above equation, 

2,750 

for the transverse effect, and, 

j 2,750 

for the longitudinal effect, l and e being the length and thickness, 
respectively, of the plate, in millimetres. 

It is sometimes convenient to express l and e in terms of the 
wave-length of electromagnetic waves in air. From the equations 
above it is seen that the dimension of the crystal in millimetres, 
measured in the direction of vibration, is slightly less than one 
hundredth of the wavelength in metres, since the latter equals 
3 x 10 In other words, about 110 metres of electromagnetic 
wave-length may be allowed for each millimetre of the crystal in 
the direction in which vibrations, of the type described above, 
occur. Thus, a plate 20 cm. long and 1 mm. thick will resonate 
longitudinally (with respect to the electric field) under an impressed 
wave-length of about 110 metres, and transversely, when the 
impressed wave-length is about 2,200 metres. 

Cady * showed that a quartz plate, mounted as explained above, 
with two pairs of electrodes—one to be connected with the first 
grid circuit of an electric oscillating circuit, and the other to the 
last plate circuit of an amplifier, with resistance coupling between 
* Proc. Inst. Radio Eng., 10, S3 (1922). 
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frequency is varied in the neighbourhood of resonance. As a 
typical example, a quartz resonator, approximately 30 x 4 x 
1*4 mm., may be mentioned, which, when vibrating longitudinally 
(transverse effect) has a fundamental frequency of 89,870 cycles 
per second. When this resonant frequency is approached, the elec¬ 
trostatic capacity of the resonator, which normally is 4*5 micro¬ 
microfarads (/xpfd), increases until at 89,860 cycles the equivalent 
parallel capacity is 42*2 /xgfd. The capacity then decreases quickly 
to the normal value at resonance, passes through zero and becomes 
negative, reaching the value of—32*2 ppfd. at about 89,880 cycles 
per second. If the frequency is further increased, the capacity 
gradually returns to the normal value. 

These variations in equivalent parallel capacity are represented 
in Fig. 15, in which the horizontal broken line indicates the 
44 normal capacity ” of the resonator. The diagram also shows 
the accompanying changes in /, the current in milliamperes in the 
oscillating circuit in which the resonator is connected, as the 
frequency is varied. As will be seen, the current descends to a 
very sharp minimum at resonance, this value being smaller the 
lower the resistance of the electric circuit. The equivalent parallel 
resistance of this resonator is practically infinite, except close 
to the resonant frequency, when it descends to a sharp minimum 
of about 20,000 ohms. The capacity reactance at resonance is 
approximately 400,000 ohms, so that, at resonance, this resonator 
functions practically as a pure resistance. 

Pierce * was able, by" a rearrangement of the electrical connec¬ 
tions, to use the quartz so that it constituted an oscillator, capable 
of giving sustained oscillations with a constant frequency, deter¬ 
mined solely by the frequency of the crystal. 

4. Piezo-electric Resonators. Inasmuch as the resonator is 
itself a minute condenser, it is normally connected in parallel with 
the tuning capacity of a high-frequency circuit. This may be 
either the generator circuit, or a secondary circuit coupled thereto. 
The most suitable type of generator is the thermionic valve. The 
response when the generator is gradually tuned, until its frequency 
synchronises with a natural frequency of the resonator, may be 

* Lac. cii. 
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detected either visually (ammeter, or galvanometer) or audibly 
(telcpla *ne reccivt-iq. 

Tin resonator may be used as a standard of high frequency, and 
thus a generator circuit that has been precisely adjusted to 
resonator frequency may he used to calibrate a wavemeter. 

Dye * has developed the theory of the quartz resonator, using n 
thenri m of Butteiuvorth’s.f in which the quartz system is replaced 
by an equivalent electrical circuit containing a capacity, C. in¬ 
ductance, L, and a resistance. R. all shunted by a capacity, i\. 
In one particular case, where the quartz crystal was 7*0 x (Mi < 
(H5 cm., Dye found experimentally that C == 0-08/i/x farad, II = 
1,500 ohms, L -- 10O henries, and t\ = 8 /x/i farad. On such a 
basis, almost perfect agreement exists between the forms of the 
current curve obtained theoretically and experimentally, respec¬ 
tively. The frequencies of the harmonies are, approximately, in 
the ratio 1 *.3:5:7. as would be anticipated from the simple 
theory. 

Cady also used as resonators ilat steel rods, excited by small 
plates of quartz, cemented to their sides at the middle. The 
plates were cement* d to the steel with shellac, and the steel 
itself served as one coating for each plate, the other coatings 
being of tin foil, connected in parallel. Through the action of the 
transverse effect, the quartz plates expand and contract longi¬ 
tudinally, when connection is made to a source of electromotive 
force of the right frequency, causing a periodic condensation and 
rarefaction at the centre of the steel rod, whereby longitudinal 
vibrations are txeiUd in the latter. 

5. Piezo-electric Stabilisers and Oscillators. To a greater, or 
less, extent a resonator of any of the types described above will 
stabilise the frequency of the generator circuit to which it is 
connected. The ci ystal acts merely as a small additional capacity, 
except close to its own natural vibration frequency, when the 
effective capacity of the crystal changes with the frequency in 
such a manner as to tend to compensate for the variation in 
frequency. For good stabilisation the quartz plates should be 
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considerably larger than is necessary for resonators, when used as 
frequency standards. 

A quartz plate that stabilises well can. in general, be made to 
serve also as a piezo-electrie oscillator. When properly connected 
to a valve, a sufficiently large fraction of the power which it receives 
from the valve, and which maintains it in vibration, is returned to 
the grid, to sustain the electric oscillations in the circuit, without 
any electrical tuning, or auxiliary feedback. Of the various 



possible modes of connection one, due to Pierce, is shown in 
Fig. 16. The piezo-electric crystal vibrator, B, has one of its 
electrodes connected to the grid, G, of a thermionic valve, and the 
other electrode connected to some point below the inductance 
(load) as, for example, the positive end of the battery. A micro- 
ammeter, A, and a telephone shunted by a by-pass condenser. C, 
are included in the plate circuit. The telephone, acting as a 
choke, and the bypass condenser are usually necessary to provide 
the proper reaction so that the system oscillates. This arrange¬ 
ment causes the crystal to vibrate with a period determined by the 





112 


ACOUSTICS 


mechanical frequency of the crystal slab, expanding and contract¬ 
ing along the direction of the B axis, so that vibration {sound) is 
radiated in this direction. 

6. Ultra-sonic Waves, Pierce used this arrangement to explore 
stationary high-frequency, or ultra-sonic* waves, as they are 
termed. The retleeted sound wave from the reflector, falling on the 
emitting faee of the crystal vibrator, even when the reflector in 
some ease* was at a distance of 300 half-waves cf sound from the 
vibrator, reacted on the crystal with sufficient force to cause the 
reading in the milliammeter A to fluctuate visibly, in accordance 
with the phase of the reflected waves. 

The apparatus oscillates with a highly constant fixed frequency, 
determined by a mode of mechanical vibration of the crystal plate. 
It thus produces sound waves, and. at the same time, the 
strength of the plate current determines the relative phase of the 
direct and reflected sound waves in air. Thus the distance 
1 m‘ tween successive loops of the stationary sound wave, for a range 
of loo, or more, half wave-lengths, may be measured with great 
precision, by merely varying the distance between the reflector 
and the radiating faee of the crystal. This distance may be 
va ri^l by means of a calibrated precision screw. 

Pierce found that the velocity of sound in air varied with the 
frequency, and that at f — 1,034,060. carbon dioxide gas was 
practically opaque to sound. At f = 98,183, it was found that 
transmission through 17 nun. of this gas reduced the reflected 
intensity to the same extent as 68 mm. of air. Abello * observed 
that both earbon dioxide and nitrous oxide gases absorbed the 
ultra-sonic waves very highly. Helium absorbed less than 
hydrogen and ethylene appeared to have an absorption coefficient 
of the same magnitude as that of carbon dioxide and nitrous 
oxide. Pielemeser + has found that the velocity of these high- 
frequency waves in gases varies with the intensity of the sound, 
and Reid J attempted to obtain the value of the velocity of sound 
at frequencies from 4 x 10 4 to 2*16 x 10 s cycles per second, under 

. Rev.. 31, 1083(1928). 
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conditions simulating outdoors. An apparent increase in wave¬ 
length was noted for regions close to the source, the increase at any 
given position being greater the lower the frequency. As the 
distance from the face of the oscillator increased, the velocities at 
various frequencies appeared to approach a common value. The 
values of the ratio of the specific heats of air, deduced from the 
velocity at 14 X 10 4 cycles per second, was 1*4035, which is in 
good agreement with the value computed from the velocity of 
sound at audible frequencies. The change in the velocity of 
sound, caused by saturation with water vapour, was found to be 
1*37 metres per second. 

Thompson,* using a crystal vibrating at 108,600 cycles per 
second, measured the velocity of sound in water vapour. At a 
temperature of 27° C. the velocity was found to be 432 metres per 
second. This value agrees fairly well with that of Xeyreneuf.t 
viz., 431 metres per second. 

Hubbard and Loomis $ employed the ultra-sonic interfero¬ 
meter method to study the velocity of sound in various liquids. 
The apparatus consisted of a cylindrical chamber, containing the 
liquid to be studied, in which plane eompressional waves were 
produced by the piezo-electric crystal plate. The waves were 
reflected by a movable piston, which could be displaced by means 
of a micrometer screw, so as to be set at successive positions for the 
production of stationary waves. The frequency of the oscillation 
was so high that the wave-length in the liquid was short in com¬ 
parison with the diameter of the plate. Under these conditions, 
the effect of the walls of the vessel may be entirely neglected, 
provided that the piston is within a few centimetres of the plate. 
The method is thus free from the troublesome corrections that 
have hitherto been necessary when measuring the velocity of sound 
in tubes by resonance. Sound-velocities have been determined at 
different temperatures, in water, mercury, and in a number of 
solutions of sodium chloride, potassium chloride, and sodium 
iodide. The thermodynamic coefficients for water and mercury, 

* Phys. Rev., 36, 77 (1*930). 

f Ann. d. Chim. et d. Phys., 9, 535 (1886). 

t Phil. Mag., 5,1177 (1928). 
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vt \ from the results, agree with those obtained from the 
rklgman. 

Theory and calculation predict that no sensible diminution of 
the velocity of high-frcquencv waves in a liquid is to be expected, 
unless the viscosity of the liquid is very great, and the frequency 
very high. Hoyle and Taylor t have shown that between the 
frequencies of 43,000 and 600.000 per second in water, the 
diminution is only 5 percent. Further experiments t with water 
and castor oil, using a stationary wave method, gave velocities in 
these liquids of 1*48 >■: 10 5 cm. per second at 18*5“ C. and 1*43 x 
HNt* cm. per second at 20" C., respectively. The velocity of sound 
in a liquid is, therefore, independent of the frequency, although 
it varies, e.g in sea-water, with pressure, temperature and 
salinity. 

An ultra-sonic beam has been used by Langevin § and Boyle 
and Ht id in the detection of icebergs and in depth-sounding. As 
a result of tests on shores and reefs, it was considered ordinarily 
po^ihle to obtain ranges (for definite echo reception) up to about 
l.ooo yards. With regard to icebergs, the conclusion was drawn 
that they can be detected, by an ultra-sonic beam, over a short 
range (200 to 300 yards) in deep water, but that the reflected 
beam is weak in comparison with that from steel ships, or rocky 
shores. With regard to depth-sounding, the ultra-sonic apparatus 
gave clear, strong and sharply defined echoes from the sea-bed. 
It was found that the ultra-sonic method of sounding was practi¬ 
cable at all depths, over a few fathoms, the speed of the ship 
making no difference to the observations. In all these cases, the 
ultra-sonic transmitter also acts as the receiver of the echo. 

These high-frequency sound waves also show other remarkable 
effects. For example, projected against the free surface of oil, 
t hey cause a mound to appear on the oil surface. If passed across 
the iKumdary surface separating two liquids, more or less stable 
emulsions are formed. Chemical reactions are accelerated and 

* See Section 1, Chapter III. 

t Roy Soc. Canada. Trans., 19, 197 (1925). 

* Ibid., 21, 79 (19*27). 

f Fresich Patent, No. 505, 903 (1918). 

!'! Roy. Soc. Canada Trans., 20, 233 (1920). 
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crystallisations started. At frequencies from 300 to 400 kilocycles 
per second, the heating of liquids by these waves is very pro¬ 
nounced. The waves also have great effects upon living matter. 
Red blood corpuscles in physiological salt solution are rapidly 
destroyed, the turbid liquid becoming as clear as a solution of 
red aniline dye. Small fish and frogs are killed by an exposure of 
one or two minutes. 

7. The Intensity of Sound. Many instruments have been 
devised to measure the intensity of sound, but in several cases 
it is necessary to make certain assumptions, often unjustifiable, to 
convert their indications into absolute measure. All known 
measuring devices are limited to certain ranges of frequency and 
intensity ; they are best suited to a particular medium through 
which the sound waves pass, and their indications are dependent 
on the dimensions relative to the wave-length of the incident 
sound. In some cases it is assumed that the pressure fluctuation 
at the surface of the sound receiver, which is to measure the 
intensity, is the same as that which would occur in the undisturbed 
sound wave. Sometimes the other extreme view is taken that the 
pressure is doubled by reflection. In practice, neither of these 
assumptions is correct, but it is possible to define experimental 
conditions so that the results agree, approximately, with one of 
them. 

Absolute sound intensity measurements are difficult, although 
not impossible, but comparative sound-intensity measurements 
are possible with almost all forms of sound receiver. The refined 
condenser microphone is used for feeble sounds, its action depend¬ 
ing upon the variation of the electrical capacity, caused by air 
pressures deflecting one plate of the condenser. It is used with a 
valve amplifier. Other methods include the sound-pressure 
radiometer, the hot-wire microphone * (with, or without, resona¬ 
tor), and interferometer methods of observation of the \ ariation 
of refractive index. 

At a frequency of 2,000 per second the minimum audible sound 
corresponds with a pressure of 0 X 10 —4 dynes per sq. cm., and an 
amplitude of 2 x 10~ 9 cm. ; while pressures up to 6,000 dynes per 

* See Section 2. 
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sq. rni., and amplitudes up t< * 1-7 x 10~ 4 cm., are still recognisable 
as sound. 

Chung* s <»f intensity of a monotone cannot be perceived under 
most favourable conditions unless they exceed 10 per cent, of the 
original, and thus the total audible range of intensity can be 
traversed in alxiut 270 barely perceptible steps. It lias been 
suggested that, with distinctly perceptible differences of intensity, 
120 equal percentage-steps may be arbitrarily assumed to cover the 
range from the faintest to the loudest sounds. Hence 120 degrees 
of a sensation-scale have been adopted by some workers as 
e< * r res j winding to the whole range of the ear ; and consequently, 
if one sound contains jt times the energy of another, the sensation 
ratio is 10 Iog ]0 .r degrees. 

Now the sensation of sound may be measured either by the 
energy tlow that causes the sensation or. alternatively, by the 
strength of the sensation. The measurement of this strength is 
really a psychological problem, and the main suppositions in 
attempting such measurement are that changes of sensation can 
1 *e compared with some accuracy, and that our perceptions of such 
changes are related to the energy changes by the rule that equal 
steps of sensation correspond with equal percentage rises of the 
power causing the sensation. In other words, the logarithms of 
the steps in j tower may be used as the measure of steps in the 
corresjxmding sensations. 

Now. if an observer aurally compares two equal telephones, one 
at the input -end and the other at the output end of a mile of 
standard cable, the frequency being 800 cycles, he observes a 
change in the sound intensity which is called the 800 cycle 
standard-mile. The difference in strength is due to electrical 
dissipation in the cable. The amount of this change, or this step 
in sensation as we might term it. corresponds, approximately, to 
a step of 25 per cent, in power. Hence has arisen a proposal to 
standardise a power step of ratio 10° 1 (which is equal to 1*259) and 
to generalise it so as to apply it to express the ratio of tw T o powers 
of any nature and any frequency. The corresponding standard step 
in sensation is called a transmission unit. It can be calculated 
from any given set of measurements by taking the logarithm of 
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the power ratio to the base 1*259, or, what is the same thing, taking 
tin* logarithm of the power ratio to the base ten and multiplying 
bv ten. We have therefore the following relations between the 
ratio of the powers causing sound sensations and the number of 
standard steps of sensation by which the sensations differ. 

Power ratio . . 1-259 2 4 10 100 1,000 

Steps in sound sensation 

or 44 transmission 

units ” . . .1 3 G 10 20 30 

The other important subject-matter in psychological acoustics, 
the sensation of pitch, also proceeds by ratios, and. further, the 
makers of keyboard instruments have adopted, without knowing 
anything of logarithms, a logarithmic scale for their instruments— 
equal distances along the keyboard represent equal ratios in 
pitch. Hence we conclude that the most human way of repre¬ 
senting acoustical response relations graphically is to use trans¬ 
mission units for intensity as one co-ordinate, and logarithms of 
frequencies as the other co-ordinate. 

In the acoustics of the ear, Wegel and Lane * have shown 
qualitatively, and quantitatively, that no sound, even when very 
intense, can diminish, or obliterate, the sensation of a concurrent 
sound which is low r er in pitch. Low r tones are easily masked, if 
not much low T er than the masking tone (except in so far as beats 
may enter), but are not easily masked if much lower than the 
masking tone ; and high tones can be masked by low tones when 
the ratio of the intensity of the latter to the former reaches a 
definite value. Wegel and Lane have separated the type of 
masking which occurs in the ears from that which occurs in the 
brain. The same investigators have applied their methods to the 
successful unravelling of old problems concerning combination 
tones, arising from the non-linear response of the ear. 

Michelson’s interferometer principle has been used to measure 
small vibrations ; for example, Thomas and Warren f utilised 
it to measure the vibrations encountered in telephone dia- 

* Phys. Rev., 23, 266 (1924). 
t Phil. Mag., 5, 1125 (1928). 
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phragms and structures. The essential principle of operation 
is that in which one plate is attached to the vibrating system and 
the other plate is fixed. The fringe system is observed as the 
current in the telephone is increased from zero. When the 
vibration of the diaphragm is very small, the fringes are blurred 
an<l disappear, but as the amplitude of the vibrating plate is 
increased, they reappear, becoming distinct when the peak value 
of the vibration is A 4. where A is the wave-length of the ligrht 
employed. The fringes, however, will be displaced by half a 
fringe width from the original fringe system, when the diaphragm 
was stationary. They reappear in this manner every time the 

A 

peak value of the vibration is a multiple of - 9 alternately in their 

original and displaced positions. The method can be adapted 
readily for the study of the vibration of light moving systems. 

8. Architectural Acoustics. Our scientific knowledge of the 
acoustic properties of closed rooms is due almost entirely to the 
work of Sabine,* who argued that a sound, created in a closed 
room, is ultimately distributed by repeated irregular reileetions 
so that (leav ing foci out of account) each cubic centimetre of air is 
traversed by waves proceeding in every direction. He stated 
that sound can only decay by absorption in the walls and furniture, 
and he showed that, in general, there are several hundred 
rt flections before the echoes disappear. It has long been known 
that when the decav is undulv slow, the acoustics of a room are 
detV* etive. and the defect is now called reverberation. Sabine 
introduced the idea of measuring the reverberation time of a room, 
defining the duration of reverberation as the time taken for a 
sound of a million times that of bare audibility to die down to its 
threshold value. This definition was given, and Sabine made 
measurements of the reverberation times of rooms before modern 
electrical methods came to the aid of acoustics, but the subject 
attracted little attention. Since the arrival of the amplifier, how¬ 
ever. the subject has sprung to life in every country. 

♦ ** C ollected Papers on Acoustics," 1922, Acoustical Sac . of America 
. X 434 (1931 ji; see also Bekesy, Ann. d. Phys. 9 8, 851 (1931). 
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The three propositions which contain the gist of the theory of 
reverberation are :— 

\i.) The duration of audibility of the residual sound is nearly 
the same in all parts of an auditorium. 

(ii.) Tiie duration of audibility is nearly independent of the 
position of the source. 

(iii.) The efficiency of an absorbent in reducing the duration 
of the residual sound is, under ordinary circumstances, nearly 
independent of its position. 

Sabine also postulated three simple rules to be followed, if 
satisfactory results are to be obtained in a room :— 

(a) The sound must be sufficiently loud. 

(b) The quality of the sound must be unaltered, i.e.. the relative 
intensities of the components of a complex sound must be 
conserved. 

(e) The successive sounds of speech, or music, must not overlap, 
but must remain distinct. 

From a scientific point of view the design of an auditorium, 
which is acoustically perfect, involves three principal factors— 
resonance, interference and reverberation. The reverberation 
time of a room is defined above as the duration of audibility of a 
sound which had initially the intensity 10 6 times the minimum 
audible intensity. Denoting this time by it has been shown * 
that :— 

53-5 V 

t = 

av 

where V is the volume of the room, a, the absorbing pozeer of the 
whole room, and v, the velocity of sound at the temperature of the 
air in the room ; a is defined by the equation a = aS. where a is 
the average absorptivity of the interior exposed surface, and S , the 
internal exposed area of the room and its contents. 

The commonest acoustic defect of modem, hard surfaced, 
lecture-rooms and auditoriums is the overlapping and confusion of 

* See Buckingham, 44 Bureau of Standards, Science Papers,” No. 506 (1925) ; 
Watson, “ Acoustics of Buildings ” (1922). 
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successive sounds, such as the syllables of a sentence, by too great 
reverberation. The above equation shows that the remedy is to 
increase the absorbing power of the room, and it also permits of 
enmput mg the reverberation time in advance of construction, from 
the known absorptivities of the materials of which the exposed 
infernal surface is to consist. 

An important factor, and one that must be known when 
correcting, or designing, the acoustics of an auditorium, is the 
time of reverberation that will give the best results. Sabine pre¬ 
scribed 2*31 seconds as the acceptable time of reverberation for 
the Boston Music Hall of 640,000 cubic feet. In another case, 
involving a number of small music studios in the New England 
C onservatory of Music, of which the volume varied from 74 to 
210 cubic metres (4,276 cubic feet for the average of five rooms), 
a number of musical experts listened in each of these rooms to 
piano music, as increasing amounts of absorbing material were 
introduced, and expressed opinions concerning the acceptable con¬ 
dition for the best effect. On the basis of these opinions Sabine 
conducted subsequent experiments, and calculated the average 
time of reverberation to be 1*08 seconds as the suitable time for 
rooms of this size. In general, for speech and light music, the 
optimum time is about 1*0 sec., and for orchestral, or grand music, 
about 2*5 sec. 

The absorbing power of the whole room is given by the 

equation : 


a 



Ei 


1 


where E t and E 2 are the values of the intensity of the sound 
source, and t t and are the corresponding times of duration of 
audibility of the residual sound. E 1 ‘E 2 will be known from the 
arbitrarily chosen ratio of the powers of the two sources ; and only 
the two durations of audibility, and U, have to be determined 
experimentally. 

The sound absorption by specimens of material only one or two 
square feet in area may be measured by means of a stationary 
wave method. The specimen is fixed with the aid of a suitable 
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holder at one end of a pipe, and a constant source of sound placed 
opposite the other end of the pipe. The whole (source and 
pipe) may be enclosed in a sound-chamber. The presence of the 
absorptive material results in stationary waves being formed in 
the pipe, for which the amplitude at the “ loops 5 ’ reaches a 
minimum instead of zero value. The coefficient of absorption is 
given in terms of the ratio of the pressure amplitudes at the 
maxima and minima, respectively. Paris * has measured these 
pressure amplitudes by means of a special hot-wire microphone, 
tuned to the frequency of the source, certain errors being elimi¬ 
nated bv a method of comparison with the waves in the same 
pipe, when a practically perfect reflector replaces the absorbent. 
The source of sound was an oscillator and loud speaker. Results 
are given, chiefly for a frequency of 512, but in some cases also for 
frequencies of 380 and 650, for a number of materials, chiefly 
acoustic tiles and experimental acoustic plasters. A large effect 
was noted with one particular plaster when the thickness was 
altered. 

Tables of coefficients of absorption, obtained by various methods, 
are given by Davis and Kaye.*f The values vary according to the 
porosity of the material, e.g., 0*01 for various hard substances, 
such as metal, glass, wood, etc. ; 0-5 for thick carpets, audiences, 
acoustic tiles and plasters, 1*0 for an open window. 

A good anti-reverberation material should reflect as little as 
passible and absorb a maximum of the incident energy of the 
sound. The first condition implies that the acoustic resistance of 
the absorbing material should be as nearly as possible equal to that 
of the incident medium, and the second condition requires that 
the damping must be a maximum, so that the transmitted sound 
is suppressed in a very thin layer of the material. 

With the introduction of the valve amplifier, accuracy has been 
introduced into the prescription of the best reverberation value 
for speech, for singing, for instrumental music, respectively, and 
in halls of various sizes. The acoustic data of some of the principal 
concert-halls and debating chambers of the world have been deter- 

* JP hys. Soc . Proc., 39, 269 (1927). 

t “ Acoustics of Buildi- ** 



122 


ACOUSTICS 


mined ami published ; empirical laws connecting the optimum 
reverberation values with the volume of these halls have been 
established, and the absorption of objects placed in rooms has been 
determined by methods based on Sabine's definition of reverbera¬ 
tion. As a consequence, it is now possible to measure the defects 
of a given auditorium and to calculate, with fair certainty, the 
am*iimt of absorbing material that should be permanently intro¬ 
duced to correct these defects. In addition, it is now easy to 
plan buildings, before their erection, to have a desii’ed reverberation 
time—in fact, to be of good acoustic quality. 

The advances in our knowledge of the acoustics of buildings 
have led to, or aided, many noteworthy practical applications. 
The most important of these is possibly that of magnifying the 
voice of an orator, so that it may be audible to large audiences. 
In rooms and halls the problems of echoes and foci, of resonances 
and reverberation, all tend to be exaggerated by the magnified 
intensity of the sounds ; and electrical vibration of the apparatus, 
caused by waves from the loud speaker reaching the microphone 
(in addition to the original waves), easily lends either to singing, 
or to distortion. The most frequent type of distortion has proved 
to be that caused by the unequal treatment of sounds of different 
frequencies, in either the microphone, the amplifier, or the loud 
speaker ; but in the study of these public address mechanisms 
still other types of distortion, originally unsuspected, have 
apj>e;m*d. One of these arises from the fact that when a sound is 
started, or stopped, a transient vibration of the chain of apparatus, 
or of the auditorium, may be excited, and this adds itself to the 
original sound ; another trouble may arise from the asymmetric 
treatment, in any portion of the apparatus but especially in the 
amplifier, of pure sounds—this introduces sum and difference 
tones which may cause dissonances in music, or uninteligibility in 
speech. Inasmuch as it is usually found necessary to amplify 
the wanted sounds until they are ten thousand times as intense 
as the unwanted disturbing sounds, arising from a big audience, 
the distortions, dissonances and transients just mentioned have 
placed many difficulties in the path of the development of these 
appliances for assisting orators. Fortunately, the ear is so bad a 
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judge of intensity of sound, that exact equality in the magnification 
of each of the frequencies in a complex sound is not required. In 
fact, certain frequencies of the speech range may be magnified in 
intensity ten times as much as certain other frequencies in that 
range, without the ear noticing the inequality of amplification : 
and certain frequencies may be altogether omitted by the appa¬ 
ratus from the reproduction of a speaker’s voice, without loss 
of intelligibility and naturalness. It has been found better to 
divide the amplified speech currents among a number of well- 
distributed loud speakers than to deliver it all to one powerful 
loud speaker ; for it is a curious fact that when the intensity of a 
complicated sound—either speech, or orchestral music—is greatly 
magnified, perfectly equally at every frequency—that is to say 
without any distortion whatever—and delivered to the ear, the 
listener believes that the sound is badly distorted, partly as a 
consequence of the non-linearity of the mechanism of the ear. 

Speech sounds, ranging from 100 to 6,000 in frequency, can be 
magnified fairly equably ; and most of the spectrum of the 
consonants,/, s, th , between 4,000 and 10,000 in frequency, can be 
reproduced. The intensities of the sounds to be dealt with vary 
in the ratio 1,500 to 1 in the case of speech, and in the ratio 
100,000 to 1 in the case of music. 

9. Sound Ranging. If we know the velocity of propagation of 
sound, the unknown distance, <2, between two points may be 
determined by measuring the time interval, t , that the sound takes 
to travel from one point to the other, i.ed = vt, where r is the 
velocity of sound. This method may be modified by reflecting the 
sound after it has passed an observation station, so that after an 
interval, t — 2d/v, it returns again to the station. A third method 
consists in sending out at the same moment two sets of waves which 
may, or may not, be of the same type, the two sets of waves 
travelling through different media. An observer at a distance d 
from the source of the waves observes the time interval between 
the reception of the two types of waves, and from the relation :— 

d d 
= ~ 
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where *" 2 find are the velocities of the two sets of waves, the 
value of d may be determined. One set of waves may be light, or 
wireless waves, travelling with a velocity of 3 X 10 s metres per 
second, compared with the velocity of sound, of the order 3 >: 10= 
metres per second in air, or 1*5 .< 10 3 metres per second in water. 
The two sets of waves may also be of the same nature, e.g.„ sound 
waves, simultaneously propagated through water and the air. 

Echo-ranging. The reflection method of determining distance 
is often referred to as the echo method , and has been extensively 
used to determine depths at sea. Until comparatively recently 
the simple method of the lead " was employed without modifica¬ 
tion, but subsequent to the development of the hydrophone, 
methods based on the reception of an acoustic echo from the sea¬ 
bed have been devised in the United States. France, Germany and 
Great Britain. In all these methods a sound source transmits 
aeoustie vibrations through the water, and the reflected sound 
from the sea-bed is received by means of a hydrophone. The 
methods differ in the means of determining the depth. 

In the* German method the depth is estimated by measuring the 
intensity of the echo. A source of sound on one side of the ship 
emits continuous waves which, reflected from the bottom of the 
sea, are received by a resonant chamber which causes a tuning 
fork to vibrate. The intensity of the reflected sound is measured 
by the amplitude of the fork, as observed by means of a micro¬ 
scope. Obviously this will be unsatisfactory in practice, for sea- 
bottoms of mud, or of rock, will have different coefficients of 
reflection. In another method the source sound is an electrically- 
fired detonator, which gives a single impulse to the w^ater. The 
impulse reflected from the bottom is received on the opposite side 
of the ship. At the instant of firing the detonator, an, electro¬ 
magnetic device releases a disc, which commences to rotate. The 
rotation is suddenly arrested when the echo reaches the receiver, 
the edge of the disc* being graduated to indicate depths directly. 
This apparatus, which gives reliable soundings up to 80 fathoms, 
has also been used on airships as a means of determining their 
height above the ground. 

One American system, invented by Fessenden, is illustrated in 



ECHO-RANGING 


125 


Fig. 17* A disc, A. made of insulating material, is rotated at a 
uniform speed by means of a motor, B. The disc carries a con¬ 
ducting segment, C, that closes the electrical circuit through a 
sound transmitter, D, when it passes beneath brushes, E, thereby 
sending out a sound signal. This segment also closes the circuit 
through a telephone receiver, F, when it passes across the brushes, 
G. If the echo of the signal meets the microphone, or other type 
of sound receiver, H, at the instant segment C short-circuits 
brushes G, it will be heard in the telephone receiver, F, and the 
time of sound transit from the transmitter to the receiver, by 


H 



Fig. 17.— The Fessenden sound-ranging apparatus. 


way of reflection from the sea-bottom, will be equal to the time 
required for segment C to travel the angular distance subtended 
between the two pairs of brushes, and indicated by the pointer, K, 
on the scale, L. This condition is brought about by rotating 
brushes, G, about the insulating disc, A, by means of the handle, 
M. In practice, the disc must be rotated at considerable speed, 
or the angle swept out by the segment, while the sound travels to 
the sea-bottom and back, will be too small to measure with 
sufficient accuracy. This results in sending out sound signals in 
rapid succession and the return of echoes from the sea-bottom in 
still more rapid succession^ for the reason that a sound signal 
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usually echoes hack and forth between the surface and the sea- 
bottom several times before its energy is absorbed. Under such 
conditions sound can be heard in the telephone for numerous 
settings of the brushes. G, and the relation between the depth 
and the scale reading becomes indefinite. 

In the reflection method , used by America, the propeller of a 
vessel represents the source of sound, and two receivers are spaced 
at a distance apart on a horizontal line passing through the pro¬ 
peller. The sound will be reflected from the sea-bottom, and 
there will be a difference in the time of arrival at the two receivers. 
The sound is made to reach each of the observer’s ears at the same 
time by altering the energy conducting path, leading from each 
receiver to its respective ear ; the difference in times of transit 
from the receiver to the ear is thus determined, and is equal to the 
difference in time of arrival at the two receivers.* If 2d is the 
distance separating the source and the receivers, and the sound 
waves make an angle, d>, with the horizontal sea-bottom, the depth. 
h , of water below the propeller is given by, h — d tan <$>. This 
method becomes inaccurate when the slope of the sea-bottom 
varies from the horizontal. In this case a sound transmitter and 
receiver are installed at each end of the vessel, one operator 
working the lirst transmitter and the second receiver, and then 
the second transmitter and the first receiver. Thus the slope of 
the sea-bottom can be determined. This reflection method is 
suitable for measuring depths less than about 100 fathoms. 

The stationary xeare method is also used in the United States. 
The* sound transmitter is driven by means of an alternating 
current, so designed that the frequency of the current can 
be controlled, and varied, by the operator over the range 
included between about 500 and 1,500 cycles per second. This 
circuit is provided with means for indicating the frequency 
with a high degree of accuracy at all times. The operator 
uses a two-telephone head set, one phone of which is in¬ 
ductively connected with the alternating current circuit that 

* This anangenient, whereby an artificially increased path-length is intro¬ 
duced in the side which is nearer the sound source, is called a binaural 
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drives the sound transmitter. The other phone is connected with 
the input from the sound receiver, which is situated at the same 
horizontal level as the transmitter, and at a known distance from 
the latter. With the phones connected in this way, the sound 
heard in the inductively-connected phone has, at all times, a 
deiinite phase relation with the sound waves leaving the trans¬ 
mitter, and the sound generated by the other phone has a definite 
phase relation with the sound waves reaching the receiver. If the 
operator adjusts the frequency properly, he can make the sound 
heard in the two phones have the same phase, and can recognise 
this condition through the fact that the sound will then be 
hinaurally centred. If the sound waves leaving the transmitter 
have the same phase as those arriving at the receiver, then the 
sound path between transmitter and receiver, via the sea-bottom, 
represents a whole number of wave-lengths. If this path length is 
S\ and N is the number of wave-lengths in the stationary wave 
svstem, 

5 ^ 

where n is the frequency of the sound. 

Suppose the operator adjusts the frequency so that the sound is 
hinaurally centred. Let the frequency be n 1 ; this will be equal 
to the frequency of the alternating current. Then suppose he 
slowly raises, or lowers, the frequency. He will notice that the 
sound apparently passes away from the binaural centre, and 
finally comes back across centre. Each time the sound comes 
back across binaural centre, he has varied the number of waves 
in the stationary wave system by one. Suppose he varies the 
frequency until the number of waves in the system differs from the 
number in the original system by a , and he determines this 
number by counting the number of times the sound comes to a 
binaural centre, while he slowly changes the frequency. If the 
final frequency is n 2 , we have : 

Nv v 



n 
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av 

and S — 

which gives a very simple working formula for determining S , the 
sound path from the transmitter to the receiver, via the sea- 
lx>ttom. This met heal has proved to be extremely accurate for 
measuring shallow depths. It gives greater accuracy as the depth 
becomes more shallow, for the reason that the less the depth, the 
greater the change of frequency that is required to change the 
number of waves in the system. The method breaks down at 
great depths for the reason that a small change in the frequency 
introduces so many waves into the system, and so rapidly, that they 
cannot be accurately counted, and thus the factor a becomes 
indefinite. 

In the French system a detonator is fired near the ship, and the 
time interval measured between the instant of firing and the arrival 
of the echo. The apparatus has been made automatic and self- 
indicating. but has the disadvantage that a large supply of de¬ 
tonators is required to take a line of soundings over a con¬ 
siderable distance. In another method high-frequency vibrations 
of a quartz crystal are employed, and by means of steel discs 
the frequency of the crystal is adjusted to a suitable value, e.g., 
50.080 cycles per second. An alternating electromotive force 
from an oscillating circuit is applied to the discs, and tuned to the 
resonance frequency of the quartz-steel oscillator. A pulse of high- 
frequency waves is emitted from this transmitter, and after 
reflection, falls upon the quartz oscillator again, a switch in the 
meantime connecting the oscillator to the receiver. The emission, 
or reception, of the pulse is indicated by means of a spot of light 
from an oscillograph on a scale, graduated in fathoms, or metres. 
The spot of light is made to move uniformly along the scale, and 
by means of switches it is arranged that the impulse starts from 
the oscillator when the spot is passing through the zero position. 
The reception of the reflected impulse is indicated by a slight 
deflection of the spot, which in the interval has moved along the 
scale. Knowing the velocity of sound in water, and the rate of 
motion of the spot of light, the equivalent distance in fathoms, or 
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metres, corresponding to the observed distance moved by the 
spot of light, is known. If required, signals may be transmitted 
once per second and a continuous record of the depth obtained. 
This system has been applied not only to depth measurements but 
also to the location of shipwrecks and icebergs.* Small projec¬ 
tions, such as wrecks, may be missed by ordinary echo-sounding 
apparatus, which tends to give an average depth over an area, 
rather than the absolute depth at a point directly below the 
ship. For navigational purposes it is, of course, important to 
have warning in advance of an obstruction. This the appa¬ 
ratus employing audible sounds does automatically, while high- 
frequency apparatus, such as the Langevin arrangement, only 
gives the distance of an obstacle which is more, or less, in line 
with the beam. 

The British system utilises a sonic, or audible-frequency source 
of sound, a steel diaphragm, fixed to the hull of the ship, and this is 
set in vibration by a small spring hammer which is withdrawn at 
regular intervals from the diaphragm by means of a solenoid. A 
simple microphone, enclosed in a carefully designed rubber body 
and compartment, forms the receiving hydrophone. A 1 8th horse¬ 
power motor, running at 1,800 revolutions per minute, drives two 
switches through a 10 to 1 reduction gear. These switches con¬ 
sist of brushes, bearing on a rotating disc with insulated segments. 
One of them breaks the circuit to the solenoid of the transmitter 
three times a second for about 0*0025 second, whilst the other, 
running on the same shaft, short circuits the telephone in the 
receiving circuit, except as determined by the position, relative 
to the corresponding pair of brushes, of a second insulating 
segment. This latter pair of brushes can be displaced by a hand 
wheel, and if a sound is heard in the telephone, we know that the 
time taken for the insulated segment of the disc to travel the 
amount of the displacement must be the same as that taken by the 
transmitted sound to travel to the bottom of the sea and back to the 
receiver. The velocity of sound in water and the revolution rate of 
the switches being known, it is possible to graduate this displaee- 

* See International Hydrographic Bureau, Special Publications on Echo- 
Sounding,” No. 3 (1924) and No. 4 (1926). 
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ment of the brushes in terms of the depth in fathoms. This is 
done on a circular scale on the hand wheel. It is clear that the 
speed of the motor is all-important, and a specially designed 
centrifugal governor controls it to a constancy of 1 per cent., 
despite variations in the supply voltage. The Admiralty pattern 
echo-sounding apparatus for shallow water measurements is shown 
in Fig. 18. Another type, called the oceanic , is suitable for depths 
from 30 to 4,500 fathoms. Similar principles underlie both types, 
but one of the main differences of the oceanic type, from that 



Fig. 18.—The British echo-sounding apparatus. 


described above, lies in the transmitter which, instead of employ¬ 
ing a spring-loaded hammer, is actuated by a pneumatic one. 

One difficulty is the response by the receiver to the waves 
emitted directly from the transmitter, besides those echoed from 
the bottom of the sea. Owing to the small time interval which 
elapses before the echo returns in shallow water, the receiver must 
be able to recover very rapidly, and to effect this, the transmitter 
must not be one that sends out waves of considerable duration in 
time. With the impulse from the small hammer, it has been 
found possible to measure the depth of water when it is only just 
enough to float the ship. 
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Another method of damping the impulses that are transmitted 
by the water directly to the receiver, is by the suitable placing of 
the latter with reference to the transmitter. Were they to be 
mounted close to one another in the bottom of the ship, the amount 
of energy absorbed by the receiver would, in shallow water, render 
it insensitive to the returning echo. 

Radio-Acoustic Method . The methods described above for 
determining the range, or direction, of a source of sound utilise a 
continuous, or frequently repeated, sound. Other methods must 
be devised for locating sources of sound, such as gun-firing, or a 
charge exploding. In addition to those used in the late war, 
another method has been developed by Wood and Browne * known 
as the radio-acoustic method. Its underlying principle is briefly 
as follows : The ship to be located emits a simultaneous wireless 
signal in air and an explosion wave in water. The distances 
measured in such a case are solely dependent on a knowledge of 
the time interval between the reception of the tw r o waves and 
the velocity of propagation of the explosion wave in water, for 
the time of propagation of the wireless wave is negligible, by 
comparison. The apparatus consists of :— 

(a) A means of producing the wireless signal at the instant of 
explosion of the charge. 

(b) Two, or more, acoustic receivers under water—the positions 
being accurately known—and a wireless receiving set at the 
recording station. 

(c) A means of recording, and timing, the radio-acoustic signals. 

A double key can be used, one part of the key firing an electrical 

detonator in the charge, the other part transmitting the wireless 
signal. If greater accuracy is required, an automatic arrangement 
can be employed, whereby the shock of the explosion automatically 
closes a circuit and transmits the wireless signal. 

In the experiments, four hydrophones were used, laid on a line 
approximately north and south, just eastward of the Goodwin 
Sands. Each hydrophone was connected to a string of an 
Einthoven galvanometer, another string recorded the half second 
ticks of a Greenwich chronometer, and a sixth string recorded the 
* Proc. Pkys . Soc. 9 35, 183 (1928). 
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reception of the wireless signal. From the records can be deduced 

(1) the total time interval from the charge to each hydrophone, 

(2) the time of passage of the explosion wave between each pair 
of hydrophones. If t ± , t 2 , / 3 , etc., represent the various time 
intervals between the instant of firing and the arrival of the 
explosion wave through the water, the distances of the explosion 
from the various hydrophones are vt ± , vt 2 , etc., where v is the 
velocity of sound in water, supposed known. As the positions of 
the hydrophones are known, the intersection of circles of radii 
i't v z '4, etc., locate the position of the explosion. 

Charges were fired at various points around the Goodwin Sands. 
In no ease, when a charge was fired to the westward of the sands 
(the hydrophones lying to the eastward) was any effect recorded, 
the explosion wave failing to penetrate the sands, or to pass over 
the shallow water (3 or 4 feet) covering them. Firing charges in 
other positions, only partially screened by the sandbank, indicated 
that the latter was casting a very efficient acoustic shadow. In 
one experiment some evidence of distortion at the edge of the 
sandbank was obtained, the record suggesting that an acoustic 
wave {of long wave-length) resulting from the explosion, was either 
diffracted round the edge of the sandbank, or that the main 
pressure wave was retarded in velocity, and changed in wave form, 
as it passed over the shallows at the edge of the bank. 

These experiments indicate the possibilities of the radio- 
acoustic* method when applied to the navigation of ships. It was 
possible to give a vessel an accurate position within ten minutes 
of receiving her request for a location. The method has also been 
used successfully in fixing accurately the positions of certain 
buoys and light vessels out of sight of land. The Geodetic Survey 
of the United States is at present using a modified form of the 
method in surveying coastline and banks, and in locating marked 
buoys. Wood and Ford * devised an instrument, known as 
the phonic chronometer, which is alternative to the Einthoven- 
recorder system of measuring time-intervals. This instrument 
is a type of stop-watch, operated eleetromagnetically, and fitted 
w ith three sets of dials for measuring independent time-intervals. 

* Journ. Sei. Inst., 1 , 161 (1924). 
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The speed of the chronometer is governed by a tuning fork and a 
phonic motor giving an accuracy of 1 in 10,000. Time intervals 
are indicated directly on the dials to 0-001 second. Special 
explosion shock receivers were used with the chronometer, and the 
wireless signal started all the dials. They were stopped in turn 
as the explosion wave passed the respective receivers, and the 
time intervals were indicated directly on the dials. 

10. Electro-acoustics. Many advances in acoustics have been 
made recently by introducing electrical ideas into the theoretical 
aspect of the subject. This interchange, as it were, is possible 
because vibration phenomena of all kinds approximately satisfy 
the same linear differential equations. Many acoustical problems 
can be translated into problems concerning electrical networks, and 
as there exists a great body of knowledge of such networks, the 
problem is often solved in the act of translation. In addition, 
where some new conception occurs in electrical vibration theory 
the analogy in sound can be sought. For example, van der Pol * 
has explained the flashing of a neon tube in a resistance-capacity 
circuit as due to what he terms a relaxation oscillation. Translated 
into mechanical phenomena, a relaxation oscillation is the com¬ 
munication of the vibrations of any mechanical system to a 
greater, or less, degree to other systems in contact with it. This 
explains certain acoustical phenomena, such as the squeaking of a 
slate pencil when it is rubbed on a slate. It also follows that the 
frequency of an accurate electrically-maintained tuning fork 
may be seriously affected by the manner in which it is supported. 

Electrical ideas began to enter acoustics explicitly when the 
telephone receiver came to be investigated scientifically. The 
mathematical aspects of this investigation are very similar to those 
of the vibration galvanometer, and other various types of electrical 
machinery, such as the synchronous motor. In all cases we have 
a winding carrying alternating current, a magnetic field acting 
mechanically on the winding, and relative motion between the two. 
When the rotor of a motor, or the diaphragm of a telephone, is 
maintained in steady motion by the electro-dynamic forces due to 
the alternating current, the motion induces an electromotive force, 

♦ Phil. Mag., 2, 978 (1926). 
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'which is proportional to the velocity and may, therefore, be 
regarded as due to a special impedance in the windings. Thus in 
the ease of the telephone, the inertia, the elastic quality and the 
energy-dissipating property of the diaphragm can, at any given 
frequency, be represented quantitatively by a hypothetical re¬ 
actance and resistance, provided the mechancial and electrical 
units are properly co-ordinated. 

Webster * first emphasised the use of the conception of acoustic 
impedance for replacing, by a single complex number, all the 
quantities involved in the reaction of an acoustical system. Prom 
the for mu l;e for the typical impedances f most frequently met 
with in pure acoustics, namely, those due to inertia, elasticity and 
the production of free waves, he obtained general expressions for 
the impedance of the open end of cylindrical and tapering tubes. 
As a consequence, mainly of his work, our knowledge of horns 
lias been much clarified. At the narrow end of a horn the energy 
enters in the form of plane waves, and so the source works at 
maximum efficiency ; at the open end the reactance due to inertia 
is minimised, and the rate of working of the atmosphere increased, 
by the largeness of the area. Consequently, the amount of sound 
emitted is increased, the waves are little reflected at the open end, 
es{H*eially if their length is small compared with the diameter, and 
standing waves, or resonances, are minimised. 

What happens to sound waves passing between the narrow end 
and the open end of a horn depends upon the form of the tubular 
surface. This has been thoroughly worked out by the methods 
of Webster, and it is known that the exponential horn, that is, the 
horn of which the sectional area increases by equal percentages in 
equal distances, is much better than the conical horn in certain 
respects. For example, the impedance “ looking out ” of a hole 
0*7 inch diameter in an infinite plane wall, which is variable with 
frequency, reaches 80 per cent, of its ultimate value at a frequency 
of 9,300 cycles per second ; a certain conical horn applied to the 
hole brings this 80 per cent, value at 4,200 cycles ; and a compar¬ 
able exponential horn brings it at 250 cycles. The horns do not 

* Proc. NaL Acad. Sd 58, 63 (1915). 

f See Section 12. 
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alter the ultimate impedance of the hole in. the wall. As a conse¬ 
quence, a horn is treated as having an impedance equivalent to 
that of an infinite, cylindrical tube of diameter equal to that of the 
small end of the horn for air vibrations of frequency above a certain 
lower “ cut off 55 limit, which is determined by the geometrical 
figure and dimensions of the horn. The impedance of an infinite 
cylindrical tube is, of course, a pure resistance, as energy passes 
along it from the source, undisturbed by reflections from the end. 

11. The Reproduction of Sound. One of the many interesting 
applications of these new methods of viewing acoustic problems is 
in the rendering of music and speech by the gramophone. As is 
well known, the vibrating parts of a gramophone comprise the 
needle, a lever, called the stylus lever, which rocks on a fulcrum, 
a diaphragm which forms the back of the sound-box, the air 
chamber of the sound-box, the tone arm and the horn. The 
three first-named items possess inertia and pliancy, and therefore 
contribute to the equations of motion of the system terms 
analogous to those introduced by inductance and capacitance into 
electrical equations ; the other items contribute only a resistance. 
The easiest way of utilising this analogy is to represent the 
inertia of each part by a suitable inductance coil, its pliancy by a 
condenser, and its power of consuming energy wdthout phase 
change by a resistance. The chain of mechanical vibrating 
elements is thus replaced by a chain of inductances and con¬ 
densers, terminated by a resistance. The properties of these 
electrical chains have been worked out, and the mathematical 
requirements for ensuring the easy passage of vibrations from 
element to element, without reflection at the junctions, are known. 
Hence can be deduced immediately the appropriate mass and 
pliancy of the stylus arm, of the diaphragm, and of the sound 
chamber, for the efficient co-operation, over a large range of 
frequencies, between these elements and the energy-consuming 
u load ” imposed by the tone arm and horn. The result has been 
a notable improvement in both output and quality of the 
gramophone. 

Within the past few years much attention has been paid to the 
optical recording of sounds. In one method, the sounds are 
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recorded by transverse vibrations, such as the transverse move¬ 
ment of a n|x »t of light over a photographic film, but this method 
is not suitable for reproduction. Rankine * used a different 
method, producing fluctuations in a beam of light. Light from 
a jxdnt source was collected by a lens, and an image formed on a 
small concave mirror, attached to the diaphragm of a gramophone 
recorder. The light then diverged, and passed through a similar 
lens which projected it to the distant station. Two similar grids 
were mounted, one in front of each lens, and an image of the first 
grid was superposed on the second by reflection in the concave 
mirror. When the latter oscillated, under the vibrations of 
speech, the dark spaces of the image moved over the openings of 
the second grid, thus producing fluctuations of the intensity of the 
beam. The light was received by a collecting lens, and focussed 
on a selenium cell, in circuit with a battery and receiver. In a 
later development the light was concentrated on a narrow slit, 
an image of which was produced by means of an auxiliary lens on 
a strip of cinematograph film, the slit image being transverse to 
the him. The variations in intensity of the light, when sound 
waves were received by the instrument, were recorded as variations 
in the density of the him, after development. For reproduction 
of the sound'., light from an illuminated slit was focussed on the 
him. behind which a selenium cell, connected to a telephone, was 
placed. As the film moved, the intensity of the light reaching the 
cell varied in accordance with the density of the him, and the 
.nding sound was heard in the telephone. 

This principle is now used in phonofilms,| but a sensitive type 
photo-electric cell replaces the selenium cell, since the latter 
lags. The current fluctuations through the photo-electric cell are 
amplified, and pass on to a loud speaker. The sound is recorded on 
the same film, and at the same time, as the cinematograph picture, 
so that perfect synchronisation between the picture and the sound 
is insured. 

12. Wave Filters. It is well known that unless special preeau- 

* Pr<M\ Pkys. Soe., 31, 242 (1918) ; 32, 78 (1919). 

t See El well, Wireless World and Radio Review, 15, 466 (1925) ; also Bell 
System Tech. Jmsm . , 8,48 (1 929 ). 



WAVE FILTERS 


187 


tions are taken, the passage of an electric current along a long 
telephone line, or cable, is accompanied by a distortion of the 
wave-form, due to the distributed electrical capacity of the line 
filtering out certain frequency components from the wave during 
transmission. By distributing inductance and capacity in the line 
it is possible to transmit certain selected ranges of frequency with 
negligible attenuation, all other frequencies being almost entirely 
suppressed. Such an arrangement is known as a wave filter. Once 
sounds are converted to currents this apparatus can be employed 
to sift out, and purify, sounds of various frequencies. 

Let us consider an electric wave filter consistingof equal electrical 



Fig. 19.—Electric wave filters. 


impedances * in series, divided into sections by electrical im¬ 
pedances in shunt branches, as shown in Fig. 19. The current in 
its passage from A to G is attenuated, some frequencies more than 
others. Let Z ± denote each series impedance, and Z 2 , the shunt 
impedance, and let the line B D F H be without impedance. 
The currents in the various parts are I nv etc. Applying 

Kirchhoff’s laws to the mesh C E F D, 


or, 


-^l/m + Z.film — I m +l) — “ ^m)’ 


— 1 , , ^1 
J-m ± m ^2 


* If an electrical circuit consists of a resistance It in series with an induc¬ 
tance, £, and a capacity, C, the impedance is equal to (It -f jpL — UstC 
where p = 2tt n, n being the frequency alternation of the current. 
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I , i us call the ratio of these successive currents e\ where A is 
unknown, but in general is complex. Thus we have : 


i.e,. cosh A = 1 + 4 Z 2 - 

If \ is nurelv imamnarv. the currents in adjacent sections differ only 
in nhasc. If A is real, the current is diminished in transmission, the 
diminution obviously occurring away from the input_end. If A 
is purely imaginary, since cosh iA = cos A, where i = V — I, 




and hence the limiting values for no attenuation are determined 
bv the following : 


I—*- 

Tims there is no attenuation within a range of frequency corre- 
siK>nding to these limits, and they define the extent of the 
frequency transmission band, the particular frequency range 
transmitted being determined by the values of and Z 2 . 

Let us consider some types of such wave filters. Suppose Z 1 
consists only of an inductance, L, and Z 2 only of a capacity, C. 
Then, Z x = pL t Z z = and. 


When 


= 0, Pi = 0, n x 


and if J P* - vrc ' "» - 

where n x and % are the frequency limits of transmission. Thus 
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such a filter transmits all frequencies between zero and 1 
and is known as a low-pass filter. 

Similarly, if = — 1/pCand Z 2 = £>L, the series impedances 
being equal capacities, C, and the shunts equal inductances, L , 
we have /Z 2 = — 1/LCp 2 , so that if 

Zi 

V = Pi = 0O , = CO , 

^2 

and when 

11 

V = — 4,, p 2 = -7= f w a =-;=• 

2\/ LC LC 

This filter, known as a high-pass one, transmits all frequencies 
from 1 /4 ttV / LC to infinity. 

If each t Z 1 and Z 2 consists of an inductance and the capacity in 
series, Z 1 = ( pL x — 1 lpC t ) and Z 2 — (pL 2 — l/pC 2 ) so that : 


If 


and when 


^2 


z i _ pLi — VpCi 

Z 2 P L 2 — 1 iP C 2 


Zi 

Z 2 


= 0,f> 1 


1 

VlTc\ 


_ / 4C X + c 2 

’ ^ “ V C X C 2 (£, + 4i 2 )’ 


Such a filter transmits only between certain finite values of the 
frequency n s where p = 27771, and is known as a band-pass filter. 

These electric wave filters suggested to Stewart * the possibility 
of analogous effects in acoustics, subject to the following limita¬ 
tions and suppositions. The length of any selected section of an 
acoustic line—corresponding to an electric line—is so small in 
comparison with a wave-length that no change in phase occurs 
therein. By acoustic line is meant a bounded region of fluid, or 
solid, forming a tube or channel, and capable of transmitting 


* Pkys.Reo.,20 ,528 
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sound wuv.-s onlv in the direction of the tube or channel. 
Acoustical impedance is the ratio of the maximum pressure 
difference applied to the maximum rate of change of volume 
disi ilaceme-nt. When complex notat ion is used for simplicity, as in 
the- alternating current theory, the acoustic impedance is the 
complex ratio "of the pressure difference applied and the rate of 
elrinee of volume displacement. The mathematical procedure is 
based upon three hvpotheses : (1) the rate of volume displace¬ 
ment in anv selected portion of the line, with a harmomcally 
varvii-T applied-pressure difference, can always be expressed by 
lUc where / is complex ; (2) the product of acoustic impedance 
an d rate of volume displacement in any selected portion of the line 
equals the difference of pressure applied ; (8) the algebraic sum 
of the volume displacements at any junction of lines is zeio. 

In the ease of electrical oscillations : 


r <UQ 

di~ 


R 


t dQ _Q 
dt 1 C 


= E cos pt s 


q -£]}£* electric charge, P, the resistance, E , the maximum 
value of the applied potential difference, and the other symbols 
have their aforementioned meaning. 

For sound, if we have a vibrating piston, as it were, of area S s it 
carries with it a volume of medium See, where a? is the displacement, 
and the force acting on it is SP, where P is the pressure. Thus, in 
the ease of sound vibrations, if m is the mass of medium vibrating : 


m drx t ^ = pc 

s dr- ^ Sdt^ s 

where k is the damping and/, the stiffness. Comparing these two 
equations, wc find that m/S 2 , termed the inertance , is equivalent 
to the inductance L. and S 2 //, termed the compliance , is equivalent 
to the capacity C. Substituting these values of inertance and 
compliance for the inductance L and capacity C, respecti\el>, in 
the equations for the electrical filters, the analogous equations for 
sound filters are obtained. 

On account of the uncertainty as to whether an arrangement, 
say a tube, may be considered as having the equivalent inertness 
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and compliance connected in parallel or in series, the application 
to actual cases is somewhat empirical. For instance, in the case 
of a closed chamber, or resonator, e.g ., Helmholtz’s resonator, they 
are in series, and since the impedance in the corresponding 
electrical circuit is (pL — 1/pC), the mechanical impedance is 
given by : 

pm __ _/_ 

S 2 pS r 

In the Helmholtz resonator the mass m is that of the air piston in 
the neck, m — pSH, where l is the length of the neck, S , its cross- 
sectional area, and p, the density of the air. The stiffness, f, is 
that of the air in the cavity, f = S 0 Bp , and the frequency of 
the resonator is, remembering that the corresponding electrical 
frequency is 1/S v 



which agrees with the result obtained by other methods. 

In practice low-frequency pass filters may be made by two 
concentric cylinders, joined by walls equally spaced, and per¬ 
pendicular to the axis. Each chamber thus formed has a row 
of apertures in the inner cylinder which serves as the transmission 
tube. In one case * the volume of each chamber was 6-5 c.c., the 
radius of the inner tube 1*2 cm., and the length between apertures, 
1*6 cm. A chamber and one such length of the inner tube is called 
a section. Four such sections were found to transmit 90 per cent, 
of the sound from frequency zero to frequency approximately 
3,200, where the attenuation became very high, resulting in zero 
transmission up to about frequency 4,600, when transmission 
again appeared. High-frequency pass filters were made with a 
straight tube for transmission and short side tubes. The single¬ 
band filters constructed were a combination of the other two types, 
having side tubes leading to chambers of considerable volume. 
Such filters exhibited the same variations from theoretical per¬ 
formance as would be expected from a combination of the other 


* See Stewart, loc. cit. 
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two typos, hut the agreement of each type with theory is sufficient 
tu enable biters to he designed to fulfil set conditions. 

All thr'-e acoustic wave filters differ in principle from the 
ordinary resonance filter, such as a Helmholtz resonator. They 
do not depend upon resonance itself, but upon the interaction 
between recurrent similar sections of a transmission line, these 
sections containing the elements upon which free vibrations are to 
depend, and having over-all dimensions that are small in compari¬ 
son with a wave-length of the sound. 

Stewart's theory assumes lumped acoustic impedances in the 
main and branch lines, postulating that the air in each section 
of the lilter moves as a whole, and that the length of each is 
short compared with one wave-length of the sound. Recently, 
Mason* has worked out a more general theory of the acoustic 
lilter and has applied it to several special cases. Lindsay t has 
investigated the relation between the two theories, and he shows 
that, as far as the low-pass and single-band type filters are con¬ 
cerned. the lumped-impedance theory is as good in practice as 
Mason's theory. The weak point of Stewart’s theory is the high- 
frequency pass for which his formulae are semi-empirical. 
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LOW TEMPERATURES 

1. The International Temperature Scale. Experience has for 
many years past indicated the necessity, for industrial purposes, 
of international agreement on a scale of temperatures, ranging 
from that of liquid oxygen to that of luminous bodies*. The 
International Temperature Scale * adopted does not purport to 
replace the absolute temperature scale, but is intended merely to 
represent the absolute temperature scale in a practical manner 
with sufficient accuracy to serve the everyday needs of the 
laboratories. 

The basic points of the scale are : [a) temperature of equili¬ 
brium between liquid and gaseous oxygen at the pressure of one 
standard atmosphere (oxygen point), —182-97° C. ; (b) tempera¬ 
ture of equilibrium between ice and air-saturated water at normal 
atmospheric pressure (ice point), 0-00° C. ; ( c ) temperature of 
equilibrium between liquid water and its vapour at the pressure of 
one standard atmosphere (steam-point), 100-00° C.; ( d ) tempera¬ 
ture of equilibrium between liquid sulphur and its vapour at the 
pressure of one standard atmosphere (sulphur point), 444-60° C. ; 
(d) temperature of equilibrium between solid silver and liquid 
silver at normal atmospheric pressure (silver point, 960-50° C. ; 
(/) temperature of equilibrium between solid gold and liquid gold 
at normal atmospheric pressure (gold point), 1,063-00° C. Standard 
atmospheric pressure is defined as the pressure due to a column of 
mercury 760 mm. high, having a mass of 13-5951 gm. per c.c., 
subject to a gravitational acceleration of 980-665 cm. per sec. per 
sec., and is equal to 1,013,250 dynes per sq. cm. 

The means available for interpolation divide the scale into four 
parts : (1) Prom the ice point to 660° C. the temperature is 

* See text in Bureau of Standards Scientific Papers, 1, 635 (1928). 

143 



m 


LOW TEMPERATURES 


d from the resistance R t of a standard platinum-resistance 
meter by means of the formula R t — R 0 (1 -y At — Bt 2 ). 
The c infants R Q . .1 and B are to be determined by calibration 
at tli iee, steam, and sulphur points, respectively. The ratio 
R, R n is not t< i be less than 1*300 for t = 100 c C. and 2*045 for 
t 44 t o C. (2) From —190° C. to the ice point the tempera¬ 
ture i is t<» be deduced from the resistance R t of a standard 
platinum-resistance thermometer by means of the formula : 

R, = i?o[! -f A- Bt 2 — C(t — 100)Z 3 ]. 

C A to be determined at the oxygen point. (3) From 660° C. to 
the gold point the temperature t is to be deduced from the electro¬ 
motive force, e, of a standard platinum-rhodium thermocouple, 
one junction of which is kept at a constant temperature of 0° C., 
while the other is at the temperature t , to be defined by the 
iormula c = a ht ct 1 . (4) Above the gold point the tempera¬ 
ture t is determined by the ratio of the intensity J 2 of mono¬ 
chromatic visible radiation of wave-length A cm., emitted by a 
black body at a temperature t 2 . to the intensity J x of radiation of 
the same wave-length, emitted by a black body at the gold point, 
by means of the formula : 

j r - ~j 

° g J a. ~~ A 1.336 (t + 273) J' 

C, 2 is taken as 1*432 cm. per degree. The equation is valid for 
value*, of A t — 273) of less than 0*3 cm. per degree. 

In addition to the basic fixed points, the temperatures of a 
number of other points are available, and may be used in the 
calibration of secondary temperature-measuring instruments. 
Tli esc points and their temperatures on the International Scale 
are listed below :— 

Temperature of equilibrium between solid and 

gaseous carbon dioxide . . — 78*5° C. 

« of freezing mercury . . —38*87° C. 

- of transition of sodium sulphate. 32*38° C. 

’* of condensing benzophenone 

vapour .... 217*96° C. 
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Temperature of freezing cadmium 

320-9° C. 

*> jj 

lead 

327-3° C. 

f s 55 

zinc 

419-45° C. 

55 55 

antimony 

630-5° C. 

5 5 5 ? 

copper in a reducing 



atmosphere . 

1,088 C. 

5 5 5 5 

palladium 

IjOOO 0. 

,, of melting tungsten . 

3,400 C. 


Tests are now being made in various countries to determine 
what change, if any, must be made in the temperature scale used 
at the various laboratories. 

2. Very Low Temperatures. The lowest temperatures are 
attained by allowing liquid helium to evaporate at reduced pres¬ 
sure. Onnes,* who originated this very low temperature technique, 
estimated that the lowest temperature he attained was some 
hundredths of a degree below 0*9° K. 

An idea of the limit of these low 7 temperatures is obtained 
by expressing the lowering of temperature as the ratio in which 
the absolute temperature has been decreased. Thus, passing 
from room temperature to that of liquid helium, evaporating 
under a pressure of 0*2 mm. of mercury, means a lowering in the 
ratio 250 to 1, and from the melting point of hydrogen to the 
helium-temperature 1*15° K., one of 13 to 1. The lowering from 
1*15° K. to 0*82° K. is only one of 1*4 to 1, and a further reduction 
of 1*2 to 1 would be nearly the limit attainable with liquid helium. 
If it is considered that our know r ledge of atomic structure renders 
it improbable that another substance w*ill be discovered, or 
obtained in another way, more volatile than liquid helium, 
then the limit indicated, from which the low r est temperature yet 
attained is separated by only such a small amount, would seem 
an absolute one as regards the obtaining of lower temperatures. 
Such a limit, however, can only be accepted as a provisional one. 

Keesom -f has found that with the installation now in use in the 
Cryogenic Laboratory in Leiden, it is possible to make measure- 

* Trans. Farad. Soc ., 18, 145 (1922). 
f Comm. Phys. Lab. Leiden , No. 195* 
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meats at a temperature of about 0-85° K. in a space of aboat 
300 sq. cm. 

Keesom * solidified helium by subjecting the gas at very low 
temperatures to high pressures. He also determined the meding- 
jwunt temperatures of the solid helium at different pressures. The 
results obtained are shown in Table I. If these results are plotted, 
the resulting curve bends at the lowest temperatures so as to 
become more and more parallel to the temperature axis. It shows 
no tendency at all to meet the vapour pressure curve at the triple 
point, as is usual with all other substances. Thus eo-existence 
of solid and gas is not possible ; there is no sublimation curve, and 
evaporation of the solid into the gaseous state will not be possible 
at these temperatures. The solid will always melt first. 

Table I. Melting-poixt Temperature of Solid Helium 
Melting-point Pressure 

(Atmospheres) . 140*5 81*5 48*6 29*8 27*4 28-5 25*3 

Temperature, K . 4*21= 3*12= 2*40 = 1*83 ; 1*60 : 1*42° 1*39 = 

There is yet another peculiarity which distinguishes helium 
from all other substances. According to Clapeyron’s equation : 

(r s - vJdpidT = LIT, 

where v t and i\ are the specific volumes of the liquid and solid 
states, respectively, dpjdT is the variation of pressure and melting- 
point temperature, L , the latent heat of the substance, and T, the 
absolute temperature. Thus, the fact that the value of dpjdT 
of the melting-point temperature-curve of solid helium tends to 
zero indicates that the latent heat of fusion approaches zero value 
in a higher power of T than the first. This is in good agreement 
with Xernst’s Heat Theorem. 

It is interesting to compare the results given in Table I. with 
those obtained by Kamerlingh Olines and Gulik f for solid 
hydrogen, shown in Table II. 



MEASUREMENT OF VERY LOW TEMPERATURES 147 
Tible II. Melting-point Temperature of Solid Hydrogen 

Mefcing-point Pressure 

(Atmospheres) . 53-5 44*9 37*7 23*4 14*2 5-2 

Temperature, K - 15*63° 15-38° 15-16° 14-71° 14-40° 14-11° 

If the curve is plotted, the triple point, p= 0*07 kgm. per sq. 
cm., T -= 13*95° K., lies on it produced. Also from the curve 
obtained it follows that dpjdT = 33, and the melting-point 
pressure, corresponding to the critical temperature for liquid 
hydrogen, is 600 kgm. per sq. cm. 

3. The Measurement of Very Low Temperatures. The practical 
methods of measuring low temperatures depend upon a know¬ 
ledge of the temperatures of certain standard fixed points on the 
gas scale, such as the boiling-points of liquid oxygen, nitrogen, 
hydrogen and helium. These temperatures are as follows * : 

Oxygen.—183*00° ^0-02 C. 

Nitrogen .... —195*S1° ^0*02 C. 

Hydrogen .... —252*78° ±0-02 (y 

Helium .—268*78° C., 

reduced to the thermodynamic scale of temperature. If the 
formula connecting the variation of vapour pressure with tempera¬ 
ture is known over a temperature range, and the vapour pressure 
can be measured, we have a convenient method of determining 
very low temperatures. Over the range —183° to —205° C. the 
variation of the boiling-point temperature of oxygen with pressure 
is given by : 

log Pmm =—379*95/3" — 0-0096219T + 1*75 log T + 4*53939, 
where T = 273*20 + t, t being in ° C. 

For nitrogen : 

= — 801-91/1* — 0*0090272 T + 1*75 log T + 4*17643. 

For helium, where T > 2*190° K., 

1 og 10 p mm = - 3-024/T + 2-208 Iog 10 T + 1-217 . . (1) 

If T < 2-190° K., 

-0-922 log lo r + 2-035 . . (2) 

* See Henning and Heuse, Zeits. f. Phys ., 23, 105 (1924) ; Keesom, Weber 
and Norgaard, Comm-. Phys. Lab. Leiden, No. 202; Heuse and Otto, A.nn» d. 
Phys., 9. 486 (1931). 
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For the measurement of very low temperatures, at which the 
\ a pour pressure of helium approaches a very small value, no 
t lu-rnu unetcr except helium gas thermometers, with the gas at very 
low pressure, can be used, as the pressure must in any case remain 
below the vapour pressure corresponding to the temperature to be 
measured. All measurements of temperature in this region have 
to be reduced to readings on a helium thermometer, supposed to 
be filled with the gas at normal temperature and pressure. 

Dimes and his co-workers found that a Knudsen gauge was 
tlie most satisfactory arrangement for measuring these low vapour 
pressures. Two types of gauge are available, the hot-wire and 
the absolute gauge.* 

With the hot-wire type the heat conducted away from an 
electrically-heated wire is proportional, approximately, to the gas 
pressure in the vessel containing the wire. The value of this heat 
conduction can be obtained directly from the current passing along 
the wire and the potential difference between the ends of the wire. 
Provided that the distance between the wire and the walls of the 
vessel is small, compared with the mean free path of the gas 
molecules, the heat conducted away from the wire depends only 
* »ii the nature of the gas. the difference of temperature between the 
wire and the walls, the gas pressure and the surface areas of wire 
and walls. Although the loss of heat from the wire may be 
taken as approximately proportional to the gas pressure, a 
calibration is usually required, since there is in general a devia¬ 
tion from proportionality, due to heat flowing off at the ends of 
the wire. 

Now, if a vessel containing vapour at room temperature is 
connected by means of a tube to another vessel containing vapour 
and liquid in equilibrium at a known low’ temperature, a pressure 
difference exists between the two vessels. This is due to thermal 
transpiration, and must be taken into account w r hatever mano¬ 
meter is used. Fortunately, this difficulty, inherent in the 
measurement of pressures at low’ temperatures, can be avoided 
by the use of the hot-wire manometer, as it is possible to keep the 
manometer vessel itself at a temperature but little above that 

* See Newman, Production and Measurement of Low Pressures,” p. 151, 
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of the evaporating helium, of which the temperature is to he 
measured, by immersing it in the helium bath. 

At first sight, owing to superconductivity,* it seems doubtful 
whether the principle on which the manometer is based, viz., 
a change of resistance with temperature, can be applied at such 
low temperatures. But it appears that the resistance remaining 
at this temperature is still sufficient (if an appreciable current 
flows through the wire) to heat the latter, until the temperature is 
reached at which the resistance begins to increase, and so the 
influence of the gas pressure on the loss of heat from the wire 
becomes observable from the difference of current necessary 
to maintain the same resistance. 

In Table III. the vapour pressure of helium vapour over 
liquid helium is given, together with the corresponding tempera¬ 
tures, deduced by means of equations (1) and (2). In all cases 
the low temperatures were produced by evaporation of the liquid 
helium, the vapour being drawn off by powerful pumps. 


Table III. Vapour Pressure of Helium at Different 
Temperatures + 


Vapour Pressure p 
cm. of Mercury. 

Temperatue 

T° K. 

Vapour Pressure p 
cm. of mercury. 

Temperature 

T~K. 

132*9 

4*899 

0*500 

1*538 

76*00 

4*219 

0*250 

1*393 

50*00 

3*795 

0*1000 

1*237 

25*00 

3*218 

0*0500 

1*139 

10*00 

2*636 

0*0250 

1*055 

5*00 

2*298 

0*0100 

0*960 

2*50 

2*013 

0*0050 

0*899 

1-000 

1*714 

0*0025 

0*844 


Another suitable thermometer for the measurement of low 
temperatures is the thermo-couple. A gold-silver couple may be 
used down to the temperature of liquid hydrogen, and even down 

* See Section 13, Chapter VIII. 

t See Keesom, Weber and Schmidt, Comm. Phys. Lab .Leiden, No. 202. 
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to the higher helium temperatures it shows a fairly large thermo- 
electrie power.* At the lower helium temperatures, however, the 
thermo-electric power diminishes rapidly, so that this couple is 
insensitive at temperatures below about 4*2 Iv. Moreover, it is 
not at all free from disturbing electromotive forces, which appear 
at places of great fall of temperature in cryostats. Couples of 
iron-eonstantan, or of copper-constantan, can be used down to 
18' K. 

Kamerlingh On nes and Holst f have shown that the thermo¬ 
electric power of all the couples investigated approaches zero value 
at r:e!:mu-tc!:meratures. The various wires, iron, silver, gold, 
platinum, lead and constantan, were measured against copper. 
The results are shown in Table IV., where T is the temperature of 
one junction, that of the second junction being 16 c C. 


Table IV. Thermo-electric Force in Volts x 10 6 of Metals 
(measured against Copper) 


T 

Ag. 

Au. 

Pt. 

Pb - 

Fe. 

Constantan. 

81 K 

-28 

-329 

-298 

—457 

-J-1293 

-432 

20 

-28 

— 282 

— 68 

—553 

-j-1319 

-819 

4-26 

— 21 

—375 ! 

-58 

— 559 ! 

4-1309 

-990 

3*20 

— 

-383 

— 59 

| — 

4-1309 

-1002 

2-26 ' 

—_ 

-386 

— 

1 

— 

— 1004 


Platinum and other resistance thermometers are convenient 
for use at low temperatures. Henning and Heuse J have shown 
that between 0° C. and —193 c C. the resistance of platinum can 
be represented accurately by a formula of the type : 

R t = R 0 (1 + at 4 - ht* + ct 4 ). 

For one of Henning’s standard thermometers the co-efficients had 
the values indicated by the following equation : 

* See Kamerlingh Onnes, Comm. Phys. Lab . Leiden , No. 142. 
t ib *<sf.» No. 142 (c). 

**./. Phw.« 23 
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where R t is the resistance at t° C. and R Qi that at 0° C. Below 
about —193° C. the platinum thermometer becomes insensitive. 
Kamerlingh Onnes and Holst made a series of determinations of 
the change of resistance with temperature of different metal wires 
down to helium temperatures in order to find a metal, or an 
alloy, which could be used as a resistance thermometer at the 
lowest temperatures. Constant an shows a considerable decrease 
of resistance at decreasing temperatures. The resistance of 
manganin also diminishes considerably, and in an approximately 
linear manner, with temperature, from the temperature of liquid 
oxygen down to that of liquid helium. Hence wires of manganin 
may be used, equally well as wires of constantan, as resistance 
thermometers even at the lowest temperatures. 

One difficulty with these wires is that the ice-point resistance 
does not remain constant ; after cooling it often appears that a 
discontinuous change has taken place. Magnetic fields also cause 
disturbances. Thus, Keesom and van den Ende * found that the 
resistance of a constantan wire undergoes a relatively large 
change under the influence of a magnetic field, and that this change 
does not entirely disappear on switching off the field. These 
investigators looked for other alloys on which magnetic fields have 
no such disturbing influences. They investigated the following 
alloys : platinum-silver, platinum—10 per cent, iridium, brass, 
phosphor-bronze and technically-pure platinum. The resistances 
were measured at the temperatures of melting-ice, liquid air, 
liquid hydrogen and liquid helium. 

The wires, Pt.-Ag., Pt.-Ir., and technically-pure Pt., all of 
diameter 0*05 mm., showed a continual change of resistance with 
temperature, but in the region of liquid-helium temperatures the 
change was too small for the wires to be used as thermometers. 
The results are shown in Table V. 

Brass showed, down, to the temperatures of liquid hydrogen, 
a continuous change of resistance with temperature. In liquid 
helium, however, its resistance almost entirely disappeared. 
Nevertheless, the residual resistance appeared to be still dependent 
on the temperature. 

* Comm . Pkys. Lab* Leiden, No. 203. 
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Table V. Change of Resistance of Metal Wires with 
Temperature 


JR!R a . 


T K. 

j Pt.-Ag. 

! Pt-Ir. 

1 

( 

j Pt. 

Brass. 

j Phosphor- 
! bronze. 

83 

0*9441 

0-7748 

| 0-4150 

i 

0*7710 

0*8725 

20*38 

0-92443 

i 0*7168 

| 0*2627 

0*7052 

0*8558 

4*17 

0*9245 

! 0*7147 

0-2575 

t 

— 

2 9* 

; 0-9240 

j 0*7146 ; 

— 


— 

1*91 

i 

i 1 

. 

0*2572 


— 


The resistance of phosphor-bronze seemed to change nearly 
linearly with the temperature in the neighbourhood of that of 
liquid helium. The relative change in this temperature region is 
much larger than has previously been obtained for any other alloy ; 
e.g., it is about fifty-live times as large as for constantan, and the 
change of the resistance appears to be quite reproducible. The 
iniluence of a magnetic field of 150 gauss appears to be relatively 
small, and does not cause a lasting disturbance. Results were 
obtained as follows :— 

T K 4*218 1*383 1*089 1*060 1*033 0*995 0*994 

R R, 0*7737 0*6588 0-6490 0-6474 0*6465 0-6470 0*6463 

The resistance of a pre-annealed phosphor-bronze wire differed 
by little, at the temperature of liquid helium, from that in liquid 
hydrogen. Keesom and van den Ende concluded that phosphor- 
bronze. which has not been annealed, is extremely suitable for use 
as a thermometer in the neighbourhood of the temperature of 
liquid helium. 

4. Specific Heats at Very Low Temperatures. The atomic heats 
at constant volume of simple substances * are given by an 
exprt ssion of the form : 


where the function F is the same for all the substances, and 0 is 
* The atomic heat is the product of the specific heat and the atomic weight. 
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a constant, characteristic of each substance. This result, obtained 
experimentally, has also been deduced by Debye * from the quan¬ 
tum theory. He regards a solid as a continuous elastic medium, 
and considers the vibrations of the solid body as a whole. The 
constant, 6>, is given by : 


where h is Planck’s constant, k , Boltzmann’s constant, and v m , 
the upper limit of the frequency vibrations of the continuous 
elastic solid. This upper limit is introduced because the medium 
has a discontinous, or atomic, structure. At very low tempera¬ 
tures the expression for the atomic heat takes the form : 

12 T 3 

where R is the gas constant, so that at the lowest temperatures the 
specific heat at constant volume is proportional to the cube of the 
temperature. The value of & for a given substance can be 
calculated directly from the elastic constants of the solid.*?* Such 
a calculation involves no thermal measurements, and the agree¬ 
ment of the value deduced in this manner v*ith the values required 
by the specific heat measurements is evidence for the correctness 
of the Debye theory. 

Measurements of the specific heat of solids, at very low* tempera¬ 
tures, are of special importance in view* of Debye’s theory of the 
T z law at these temperatures. Nernst and his collaborators 
measured the specific heats of metals, dow*n to the temperature of 
liquid hydrogen, and Kamerlingh Onnes and Holst J made pre¬ 
liminary measurements of the specific heat of mercury at liquid- 
helium temperatures. The method which is most suitable for low- 
temperature calorimetry is one developed by Nernst and Eucken. 
A block of the metal to be investigated, provided with wires for 
heating and temperature measurement, is suspended in a vacuum, 
made as perfect as possible. Within the block a measured 


* Ann. d. Phys., 39, 789 (1912). 

f See Roberts, “ Heat and Thermodynamics,” p. 401 (1928). 
X Comm. Phys. Lab . Leiden , No. 142. 
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quantity of heat is developed by an electric current, and the 
increase of temperature thus produced is determined. 

Kamerlingh Onnes and Holst found that for mercury over the 
range 2*93’ K.—3*97" K., 0 was equal to 60, whereas over the 
range* 31 : K,—301“ K. the experimental value is 97. There is 
no discontinuity in the specific heat values at 4*19° K. such as is 
found in the values of the electrical resistance of mercury at this 
\ temperature (superconducting state). 

Keesom and Kamerlingh Onnes j measured the specific heat of 
lead between 14 = K. and 80° K., and also of copper over the range 
15" K.~~ 22 c K. Taking 0 for lead equal to 88, the experimental 
curve shows good concordance with the one calculated from 
Debye’s formula over the whole range, but there are deviations to 
the extent of about 4 per cent, at 30° K. The values of the 
specific heat of copper appeared to follow: Debye’s law over the 
temperature range 15° K.—22 C K. 

Later, Keesom and Kamerlingh Onnes J determined the specific 
heat of copper between 14 3 K. and 90° K. A small deviation from 
the T 3 law w’as observed, the deviation being in the sense that, at 
| decreasing temperature, the atomic heat decreased more rapidly 
1 than it should according to the T 3 law. In the region of the 
temperature of liquid hydrogen, and above it up to 40° K., the 
values of & decreased continually. In this respect the behaviour 
of copper differs from that of lead. For the latter metal the values 
of e increase with increasing temperature in the liquid hydrogen 
region, and begin to decrease beyond about 30° K. 

Keesom and van den Ende § have measured the specific heat 
of lead and bismuth over the range 2° K.—17° K. To a first 
approximation the results agreed very -well with the Debye-curve 
over the whole temperature range investigated. The apparatus 
and arrangement used are showm, in Fig. 20. 

Two copper cylinders, C x and C 2 , W"ere serevred one in the other. 
The inner cylinder w r as closed by a copper plate, C 3 , which carried 
two tubes, Xj and of German silver and a lead tube, L. 

* See Pollitzer, Zeiis.f. Elektroc., 19, 513 (1913). 

t Comm. Phi/s. Lab. Leiden, No. 143. 

: Ibid.,'So. 147. 

Ibid., No. 203. 
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The temperature wire, A x , was of annealed constantan, of which 
the resistance-temperature variation is more reproducible than 
that of constantan which has not been annealed. The helium was 
admitted through the tube L, which -was afterwards sealed off. 



temperatures. 



P x and P 2 were platinum leads to the thermometer. The wires D 
led to the heating coil, the latter being within the space below the 
inner cylinder of the core. The core C, together with the metal 
block B to be investigated, were suspended inside a glass vessel. 

The heat insulation required special care, and to protect against 
heat radiation, the glass vessel was silvered. To shield off radia¬ 
tion from above, the platinum plate, P, was placed in the 
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exhaust tube, and maintained at the temperature of the hath bv 
wires, which led to the copper enclosure, H. The latter also pro¬ 
tecting against heat radiation, was closed at the bottom by 
tinfoil, F. The whole was placed in a liquid helium cryostat, and 
by means of diffusion pumps the liquid helium was evaporated so 
that temperatures down to 2 = K. were obtained. 

To a first approximation the results for lead in the liquid-helium 
temperature range, and in the range between liquid-helium and 
liquid-hydrogen temperatures, agree with a Debye-curve, © being 
equal to 88. Absolute agreement with one single Debve-curve 
could not, however, be obtained. At lower temperatures the 
atomic heat corresponds with smaller calculated values of G, and 
at temperatures below 7° K. the © 3 s show rather large fluctua¬ 
tions. Yet they seem to change linearly with the temperature 
in the entire temperature range (7° K. <9 = 83, 16° K., 0 — 8G). 
This agrees with the results of Keesom and Kamerlingh Onnes.* 
The measurements show definitely that the course of the specific* 
heat curve of lead does not change abruptly when the metal 
becomes superconducting. 

The curves for bismuth correspond with the value G = 96. To 
a first approximation, the results again agree with a Debye-curve, 
though here also deviations occur. There appears to be a mini¬ 
mum, with 0 — 92 at about 9° K.; from here the 0 values increase 
continuously, & — 103 at 3° K. and G = 104 at 20° K. The 
value for bismuth, calculated by Debye f from elasticity measure¬ 
ments, is 0 — 111. 

Some of the results obtained are given in Table YI. 

Recently, Clausius and Yaughen J have measured the specific 
heats of thallium, calcium and magnesium down to 10° K. The 
behaviour of magnesium is anomalous in that the value of 0 
increases below 30° K., implying a failure of the T 3 law T for which no 
explanation is apparent. 

5. The Thomson Effect at Low Temperatures. Until recently, 
very few direct determinations of the value of the Thomson 

* Comm. Phys. Lab. Leiden, No. 143. 

t Ann. d. Phys., 39, 817 (1912). 

% Joum. Amer. Chem. Soc., 52, 4686 (1930). 



THE THOMSON EFFECT 157 


Table VI. Atomic Heats of Lead and Bismuth 


Temperature. 

Lead. 

j 

Bismuth. 

© 

Atomic Heat. 

© 

| Atomic Heat. 

3 

81-4 

0-0233 

103*3 

1 

0-0114 

4 

81-8 

0-0545 

101-0 

i 0-0286 

6 

82-5 

0-178 

! 96-1 

; 0-112 

8 

83*3 

0-406 

i 92-4 

! 0-300 

10 

84-2 

0-726 

92-3 

: 0*567 

12 

85-1 

1-09 

94*3 

I 0*860 

14 

86*0 

1-53 

96-6 

■; ii7 

16 

86-9 

1-91 

99-0 

j 1-49 

18 

87-8 

2-25 

101-5 

; 1*78 

20 

88-7 

2-62 

104-1 

I 2-05 


coefficient at low temperatures had been made. Borelius, Keesom 
and Johansson,* using wires of copper and silver alloyed 
with small quantities of gold, measured it at the temperature of 
liquid hydrogen. These wires were then used as 44 normals for 
indirect determinations of a (Thomson coefficient) in a number of 
pure metals, the value of the Thomson coefficient being calculated 
from the equation a — cr Eorm -j- T.de/dT, where e is the thermo¬ 
electric force, per degree, against the normal wire with a known 
Thomson coefficient (cr norm ) and T, the absolute temperature. The 
pure metals investigated were Cu, Ag, Au, Fe, Pd, Pt, Pb, Ni and 
Co, all having cubic structure ; Zn and Cd, hexagonally crys¬ 
tallising metals ; alloys, including binary alloys of Cu, w r ith 
small quantities of Fe, Co, Ni, Pd, As and Au ; binary alloys of 
Pt and Rh ; and a ternary Pt, Pd, Au alloy. The results show 
that in general there is a tendency tow r ards verification of the 
limiting law r s : a —> 0 and e —>■ 0 for T —•> 0, but experiments at 
still lower temperatures will be necessary to obtain conclusive 
results. 
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ELECTROMAGNETIC RADIATIONS 

1. The Range of Electromagnetic Radiations. Electromagnetic 
radiations range in wave-length from the very long wireless waves, 
1H km. is the wave-length of certain transatlantic signals, down to 
about 10” 13 cm. or less, the estimated wave-length of the cosmic 
rays, recently discovered by Millikan. Over this whole range 
of wave-lengths there is a continuous spectrum of radiations of 
which visible light occupies a very small band, 8 X 10” 5 cm.— 
4 X 10” 5 cm. 

The electric waves extend from well over 10 6 cm. in an unbroken 
speed rum down to 10” 2 cm. Overlapping the electric waves are 
the heat waves, or infra-red region, 3 X 10” 2 cm.— 8 x 10~ 5 cm., 
followed by the visible region of the spectrum. The latter is 
overlapped by the ultra-violet rays and these reach well into the 
region occupied by X-rays, although the gap between the ultra¬ 
violet rays and the X-rays was only closed fairly recently by the 
soft X-rays. Beyond the X-ray region come the y-rays from 
radioactive bodies, followed by the cosmic rays which have the 
shortest wave-length of any known electromagnetic radiations. 

2. Electric-Waves. One of the most interesting features 
connected with electric waves is their bending around the earth, 
which is now attributed to refraction by ions in the air. Ions are 
known to be present in the air at the earth’s surface, and there is 
every reason to suppose that their number increases with altitude. 
Although it is difficult to compute this ionic distribution, different 
estimates all agree in predicting that the increase in the number 
of Ions, present in the atmosphere, with altitude is so rated, that we 
pass almost discontinuously from an atmosphere which may be 
treated as an insulator to a region that is a relatively good con¬ 
ductor. This region is known as the Kennelly-Heaviside layer 
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and acts somewhat like a mirror, reflecting the electric waves back 
to the earth. Since the latter also acts as a reflector, the waves 
are thus reflected between the two surfaces, which we may imagine 
to function as two concentric spherical mirrors. 

Now the boundary of the Kennelly-Heaviside layer can scarceh' 
be sharp enough to permit of true reflection. Probably what 
occurs is a continuous bending of the rays by refraction throughout 
their whole path, as shown in Fig. 21. This ionic refraction is 
explained by the fact that the velocity of propagation is greater in 


D 



the ionised layer. Plane wave-fronts are therefore bent forwards 
in their upper portions, so that the waves can finally reach the 
earth again. 

Suppose that the waves are transmitted between S and R, 
where S is the transmitter and R the receiver. The waves reach 
R by at least two paths.* One of these paths, SABCR, consti¬ 
tutes the atmospheric wave , the other, SR, follows the ground and 
is called the ground wave. When the two waves meet at R they 
interfere, and slight changes in the effective path-lengths cause the 

* See Appleton, Proc. Phys. Sac., 41, 43 (1928) ; Eccles, Proc. Pay. Soc., A, 
87, 79 (1912). 
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interference to be sometimes additive and sometimes destructive. 
In this maimer 44 fading " is produced. 

Various direct methods have been proposed for determining the 
“ effective height "* of the Kennelly-Heaviside layer. One of the 
earliest methods involved a change in the wave-length of the 
waves .* 

Let the optical j>ath difference between the two waves, ground 
and atmospheric, be £>, where D is, in general, a function of the 
wave-length of the radiation. Then 

n = DA .(X) 

where n is the number of wave-lengths the atmospheric waves are 
behind the ground waves at R. and A is the wave-length of the 
waves in vacuo . Further, 

D = f n ds — SR, 

J SBR 

where n is the refractive index at any point, and ds is an element of 
length of the atmospheric ray path. 

The experimental procedure consists in measuring the variation 
in n, as shown by the signal current maxima and minima experi¬ 
enced at R. as A is continuously varied through a small range. 
From equation (1) we have, 

Sn = - DSA/A 2 -f BD/ A. 

Usually hD is neglected and A 2 8n/SA taken as the equivalent 
path difference, from which the equivalent height of the deviating 
layer can be obtained. 

For short waves, where the influence of the earth’s magnetic 
field can be neglected, U = cn, where U is the group velocity of the 
waves and c the velocity of the waves in free space. Under such 
conditions the equivalent path of the atmospheric ray would be 



f ds 

It has been shown by Rreit and Tuve f that — is equal to 


* See Appleton and Barrett, Nature, 115, 334 (1925). 
f .P%». Rev., 28, 571 (1926). 
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(SD + DR), in which case DE is the equivalent height of the layer. 
For medium wave-lengths, 100 to 1,000 metres, the quantity 

, but it has been customary 

to calculate the equivalent height for these wave-lengths in the 
same way. In both cases, therefore, the calculation proceeds as if 
the atmospheric ray path consisted of two straight lines, and the 
deviation at the layer were brought about by sharp reflection. 

The angle of incidence of the downcoming atmospheric waves 
has been determined by Appleton and Barrett * and by Smith- 
Rose and Barfield, f From the value of the angle, the effective 
height of the layer can be determined by a simple calculation. 
Thus, 

n sin 6 — sin & 0 . 

Where 6 is the angle the atmospheric ray makes with the vertical 
at any point at which the refractive index of the medium is n , and 
0 O is the experimentally-determined angle of incidence at the 
ground. This is equal to the angle of incidence at the layer, 
assumed horizontal. So if, 

U = cn } 

and since dx = ds sin <9, 


— is not necessarily equal to 


= (SD 


where dx is measured horizontally. 

A method, known as the group-retardation method, of obtaining 
the equivalent height of the layer was first introduced by Breit 
and Tuve.J They sent out short pulses of wireless waves and 
measured the time interval, Bt } between the arrival of the signal 
pulses, received via the ground and via the atmosphere. For such 


* Proc. Roy. Soc., A, 109, 621 (1925). 
t Ibid., 110, 580 (1926) ; 116, 682 (1927). 
J Loc. tit . 
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w lie re V is the group velocity of the waves along the ground. If 
f da 

U* — v. e I ~jrz is determined and is equal to the path SDR. 

The average heights of the layer, obtained by these various 
methods, agree fairly well, although the departure from the average 
is much greater in the case of observations made by the angle of 
incidence method than in the case of those made by the other 
methods. This difference can perhaps be explained by assuming 
that reflection does not always take place at a point mid-wav 
between the two stations, in which case we infer that the laver 
cannot always be regarded as horizontally stratified. 

Appleton, using 400-metre waves, found that after sunset the 
equivalent height increased slowly, reaching a maximum value, 
averaging 120 kilometres, at about 30 to 40 minutes before sun¬ 
rise, after which a rapid reduction in height took place. This 
variation suggests that the upper atmospheric ionisation is pro¬ 
duced by some type of solar radiation. On the cessation of the 
influence of this radiation after sunset, recombination of ions 
would cause a slow increase in the height of the layer to take place, 
which would only cease on the advent of sunrise, at the height of 
the lower boundary of the ionised region. The renewed action of 
this radiation causes a rapid fall of the layer, as deduced from 
measurements of the equivalent height, and confirmed by observa¬ 
tions on fading, which show that the optical path of the atmo¬ 
spheric waves is being steadily reduced. The reduction in the 
intensity of the atmospheric waves, which takes place after the 
height of the layer has fallen to an approximately constant value, 
appears to be due to the absorptive action of an ionised region, 
say D region, formed below the normal deflecting region, E region. 
There is also a certain amount of evidence which suggests that on 
certain occasions, after sunrise, measurable reflection takes place 
from the D region, as well as from the E region. 

Although the type of nocturnal variation described above may 
be regarded as normal, in some eases the changes in equivalent 
height were not so marked, while in other obser vat ions much 
greater and more complicated variations were measured. Some- 
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times the equivalent height remained approximately constant at 
about 100 to 110 km. In other eases, during the winter months, 
abnormally great equivalent heights have been recorded. 

More recently, Appleton and Green,* using 100-metre waves, 
have found evidence of the existence of two deflecting regions, E 
and F, the equivalent heights of which were about 100 km. and 
230 km. during the daytime. The low'er region, E, was found to 
reflect only in the daytime. The 100 metres seems to be a critical 
wave-length in that on some days waves of this length will penetrate 
the E region, while on others the waves are reflected by the same 
region, whereas the wave-lengths of 200 and 400 metres are always 
reflected by this region during the daytime. Now it is known that 
100 -metre waves require an electron density of about 10 5 electrons 
per c.c. to reflect them, so it seems probable that this represents 
the maximum ionic density in the E region. 

Lugeon’s f results indicated the presence of ionised layers at 
280, 185, 85 and 50 km., when the Kennelly-Heaviside layer was 
at a height of 83*6 km. at Zurich and 110 km. at El Golea, where 
his experiments were made. All these layers do not reflect 
simultaneously. At night the waves are reflected by the highest 
layer, but during the day mainly by the lowest layer. 

Breit, Tuve and Dahl, J working with 75-metre waves, obtained 
results corresponding to layer heights at 105, 235 and 470 km., 
respectively. Appleton explains these results on the double-region 
hypothesis, the two regions, E and F, having equivalent heights 
of 105 and 235 km. In the majority of their recorded tests in 
daytime, Breit, Tuve and Dahl obtained reflection corresponding 
to heights of 235 and 470 km., the reflection from the lower height 
of 105 km. being missing. This is to be expected since 75-metre 
waves require a greater electronic density to deflect them than do 
100 -metre waves, so that with the shorter waves reflection by the 
E region should not be so frequent. 

Larmor § has shown that when the simultaneous effects of the 
electric force in the waves and the earth’s magnetic force on the 

* Proc. Roy. Soc., A, 128,159 (1930). 

f Comptes liendus, 191, 676 (1930). 

% Brae. Inst. Rad. Eng 16, 1236 (1928). 

§ Phil. Mag., 48,1025 (1924). 



101 ELECTROMAGNETIC RADIATIONS 

electrons in the Kennelly-Heaviside layer, are taken into account, 
the passage of waves of about 214 metres wave-length will produce 
violent vibration of the electrons ; the wave propagation will, 
therefore, be most strongly influenced for waves of this wave¬ 
length, and a particularly strong absorption of these waves will 
result. The phenomenon is analogous to anomalous dispersion in 
the ease of optics, the centre of the absorption band corresponding, 
approximately, to 200 metres. There is thus a radical change in the 
behaviour of wireless waves when the wave-length of 200 metres, 
or so, is exceeded. The magnetic field of the earth is not constant, 
but varies from point to point, and so the critical, or resonant, 
frequency, i.e when the frequency of the waves is equal to that 
of the electrons, is not the same at different points in the path. 

Recently Merritt * has studied what may be termed the fine 
structure of a wireless wave front. He used two coils as receivers, 
placed at two points on the same wave front about half a wave¬ 
length apart, the signals being brought by means of cables to a 
cathode-ray oscillograph. He arranged that one signal produced 
a horizontal vibration of the spot of light, while the other produced 
a vertical vibration, the amplitude and phase relations,between 
these vibrations being the same as between the original magnetic 
fields at the two receivers. It is to be expected that at two points 
on the same wave front, the phase and amplitude would be the 
same, and so the figure in the oscillograph should be a straight 
line at 45° to the horizontal. Usually, such a figure was not 
observed. In general, it was an ellipse which changed from 
moment to moment, both in size and shape. At times, the 
changes occurred so rapidly, and so erratically, that it was quite 
impossible to follow them. 

Merritt explains these effects as follows : Assuming that waves 
reach the receiving apparatus by several different paths, it is to be 
expected that they will differ in amplitude, phase and direction, 
so that an interference pattern will be formed at the receiver. 
The pattern, if conditions are steady, will consist of a fixed system 
of interference bands. When the conditions for radio-reception are 
bad, it is probable that there are effects going on in the upper 
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atmosphere which destroy any constancy of either amplitude, or 
phase, at the receiver. We may compare this destruction to the 
destruction of the interference pattern on a Michelson interfero¬ 
meter, which we can imagine would take place, if the interfero¬ 
meter were placed in strong convection currents in heated air. 
Patterns would still be obtained, but the character of the pattern 
would vary from instant to instant, and so no definite pattern 
could be detected. 

From wdiat has been said previously, the effect of the Kennelly- 
Heaviside layer is to produce wireless echoes , i.e., two signals—or 
sometimes more than two—are received for each single signal 
transmitted. Thus the dot of the Morse Code is received as two 
dots. When signals are received from a powerful short-wave 
station, capable of transmitting over great distances, another type 
of echo is frequently observed, in which the separation between 
the signal and its echo is of the order of one-seventh of a second. 
This has been explained by supposing that one signal has come 
by the shortest path, while the other has travelled round the world, 
and reaches the receiving station from the opposite direction. 
The time interval between the reception of the signals has been 
carefully measured, and the consistent results obtained enable 
one to estimate the height at which the waves travel. In some 
cases, however, these 66 round the world 55 echoes are accompanied 
by echoes having a retardation considerably less than one-seventh 
of a second—sufficiently long to permit the waves to travel two 
or three thousand miles but not much further. These echoes may 
be produced by w r aves which have reached the observer after 
reflection from a hillside, or possibly from the waves of the ocean. 

Another type of echo is one which occurs with a retardation 
ranging from three seconds to nearly thirty seconds. This time- 
interval corresponds to a distance range of five million miles. 
In practice, signals were sent out at intervals of thirty seconds 
from Eindhoven in Holland, and were received independently by 
three observers, two at different stations in Eindhoven and one 
in Oslo, Sweden. In most cases the echoes were received at all 
three stations if received at one, and frequently the echo was 
observed at all three stations and with nearly the same retardation- 
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Two suggestions have been put forward to explain these long- 
interval echoes. One is that at times there is a stream of electrons 
from the sun at a distance of a million miles, or so, from the earth, 
which is sufficiently dense to reflect the waves. Such an electron 
stream would be bent by the earth's magnetic field, so as to have a 
tendency to reflect the waves directly back to the earth. Secondly, 
it has been suggested that the waves do not leave the earth at all, 
but travel in a region of the atmosphere where the conditions are 
such as to make the group velocity extremely small. 

The general belief is that the ground wave is guided by the 
earth in much the same way that an alternating current is guided 
by a wire. Within the immediate neighbourhood of the sending 
station there seems to be little doubt that this view is correct, 
but it is uncertain to what distance this mode of propagation 
extends. There are some facts which are more readily accounted 
for if we think of the wave along the ground as proceeding accord¬ 
ing to optical laws along a curved path, which rises to only a 
relatively small height above the earth. 

3. Ultra-short Electric Waves. Nichols and Tear * attempted 
to join up the infra-red and electric-wave regions of the spectrum. 
The electric wave receiver used was a modified form of the Nichols’ 
radiometer; the usual blackened vanes were replaced by heater 
elements made of very thin deposits of bright metallic platinum 
on thin mica strips ; when electric waves fell on these, they caused 
oscillatory currents of the same frequency in the platinum surfaces, 
and part of the energy was converted into heat. The oscillator 
was in principle the familiar Hertzian doublet with minute 
tungsten cylinders. A Boltzmann and a Fabry Perot interfero¬ 
meter were employed in wave-length measurements. The latter 
gave the approximate wave-form, and accurate values of the 
wave-lengths. Waves were measured down to 0-220 mm., or 
shorter than the longest knowm heat waves. 

Giagolewa-Arkadiewra,f using as oscillators finely-divided 
metallic particles suspended in a viscous oil, obtained waves as 
short as 0*032 mm. 

• Xai. Acad. Sei. Proc., 9 , 211 ( 1923 ) ; Astrophys . Journ., 61 , 17 ( 1925 ). 

t Nature, 113, 640 (1924). V 
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Stable oscillations may be obtained down to about 2 metres 
wave-length by using a standard type of thermionic valve, and 
simply reducing the constants in conventional oscillatory circuits. 
Below this wave-length major difficulties appear. A special type 
of oscillator was developed by Barkhausen and Kunz * ; the usual 
plate and grid potentials were reversed in polarity, a high positive 
voltage being applied to the grid and a smaller negative, or zero, 
potential to the plate. It was found that this connection could be 
used to produce extremely high frequencies, wave-lengths of the 
order of 0-5 mm., or less, being obtained. Gill and Morrell t used 
a circuit of this variety, the values of the inductance and capacity 
in the external circuit controlling the frequency. 

Recently ± a 5-metre oscillator, using 10 kw., has been con¬ 
structed, which showed remarkable effects. Current-measuring 
instruments in neighbouring rooms were burnt out, and observers 
noted that their body temperature rose, the temperature of the 
blood actually rising slightly. 

Busse § has obtained a radiation of 50 watts on a wave-length 
of 28*6 cm., using shock excitation from high-frequency sparks. 

The Lecher wire system is the most satisfactory method of 
measuring the wave-length of these short waves. 

4. Infra-red Spectra. The infra-red region of the spectrum has 
recently attracted much attention, most of the work being done 
in what is termed the near infra-red , for which the region is 
usually taken as that lying from the end of the visible spectrum, 
at about 7,500 A., or 0*75 p, equivalent to a wave-length of 
0*00075 mm., as far as 23 p, this being the limit of usefulness of 
dispersing prisms. Beyond this, in the far infra-red , coarse 
gratings have been employed, but for the most part reflection from 
polished plates of crystals, the method of Restrahlen , up to 200 or 
300 p, as developed by the school of Paschen and Rubens, is used. 
The most exhaustive description of practical work, using dispersing 
prisms, has been given by Robertson and Fox, |[ and the use of 

* Zeiis.f. Rhys., 21, 1 (1920). 

t Phil. Mag., 49, 369 (1925). 

$ Journ. Frank. Inst., 209,473 (1930). 

§ Zeits. f. Hochfrequenz. techn 31, 9*7 (1928). 

II Proc . Roy. Soc. s 120, 128 (1928). 
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tings is discussed very fully by Snow and Taylor.* The 
apparatus used by the latter is shown in Fig. 22. For a short 
distance beyond the visible red, photography has been employed, 
but even with specially sensitised plates, the limit is little beyond 
1 p. By making use of the evaporation of naphthaline on a celluloid 
film, Czerny f has recently succeeded in photographing bands up 
to 0 fi. As the phosphorescence, induced in certain preparations of 
zinc sulphide containing definite impurities, is quenched by infra¬ 
red radiation, this method has also been tried for the detection of 
emission and absorption bands, but the results, while interesting, 
are somewhat lacking in definition, at least as regards absorption. 



X «= Nemst filament. Sj S 2 S 3 = Slits. 

A = Gas absorption tubes. P = ~Rock salt prism. 

M t M, Mj M 7 = Concave mirrors. G = Grating. 

M, M 4 M, M 8 = Plane mirrors. T — Thermopile. 

Position of screens shown thus- Path of rays shown thus^ 

Fig. 22.—Investigation of infra-red spectra by means of a grating. 

Considering first the theoretical aspect of infra-red spectra, 
Drude } { from the phenomenon of dispersion in crystals, showed 
that if any position be chosen for a wave-length in the ultra-violet 
there must be a corresponding wave-length in the infra-red. Elec¬ 
trons are concerned in the ultra-violet region and all recent work 
confirms that the band spectra, found in. the infra-red region, arise 
from atoms and molecules. These are treated, in the first instance, 
as rigid bodies possessing internal and rotational energy, either or 
both of which may vary, giving rise to emission or absorption of 

* Proc. Roy. Soc 124, 442 (1929). 
f Zeits.f. Pkys 53, 1 (1929). 
t Ann. d. Phys., 14, 677 (1904). 
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energy in the form of radiation. The fundamental assumptions 
are those employed by Bohr in his theory of line series, namely, 

(1) The emission of a frequency, v , is due to a decrease, hv 
(h is Planck’s constant) in the energy of the radiating system. 

(2) If the system is in rotation, and is not emitting radiation, its 
angular momentum must be an integral multiple of h .'2s-. There 
's thus a limited number of possible angular velocities. 

Hence, in the infra-red the spectra indicate transitions in the 
oscillations of the atoms of a molecule and transitions in the 
rotation of the molecule itself. As the effect is one of resonance, 
the atoms in a molecule respond in their vibration to radiation 
possessing some particular frequency. The electronic linking 
between the atoms prevents their oscillation from being truly 
sinusoidal, and so harmonics may be expected and are, in fact, 
found. Electronic transitions are, for the most part, detected by 
effects in the visible, or the ultra-violet regions, but as contributions 
of all three types of energy, electronic, oscillatory and rotational, 
interact, there may be found in the infra-red-spectium evidence of 
electronic charges. 

5. Oscillation Bands. In the early work the bands in the infra¬ 
red were evident as maxima of emission, or absorption. When 
plotted on an energy-frequency, or energy-wave number, basis, the 
bands look the form of smooth peaks, the maxima of which were, 
as a rule, fairly well defined. The experimental results showed 
that in many eases these bands are harmonics of a fundamental 
frequency, this harmonic relationship being explained somewhat 
as follows : When radiation falls on the molecule, it is absorbed in 
quanta, hv , according to the characteristic frequency of the 
vibrating components, and further, as the nuclei are not removed 
sufficiently far from one another to obey a pure sine law defining 
their period, the departure from this law permits of a Fourier 
analysis. Thus the vibration is resolved into a fundamental and 
harmonics, representing one, two, three quanta, etc . 

6. Rotation Bands.* Molecules also undergo rotation, and this 

* For an account of the analysis of band spectra see Curtis, Proc. Roy. 
SocA , 101, 3 8 (1922) ; Jevons, Proc. Pkys. Soc.. 41, 533 (1929) ; Dennison, 
Rev. Modem Physics, 3, 280 I 
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effect is reflected in their infra-red spectra. Consider the case of 
a diatomic molecule of moment of inertia I rotating with angular 
velocity, oj, about an axis perpendicular to the line joining the 
atoms. Taking the moment of momentum as a whole multiple of 
h 2 - (i.e., quantising the moment of momentum), 

7ti h h 2 

Ico = —, and E = —^ m 2 , 

2 rr 

where m is any positive integer and E, the kinetic energy of the 
molecule. If E and represent the kinetic energy of the mole¬ 
cule in two states corresponding to m and ?n ± we have : 

hv = E — E 1 = (3) 

By the principle of selection m can change by ± 1, or 0, so that : 


The frequency of the light emitted is thus v — (2/» — 1) 

h 

when m is positive, and v = — -—~ (2-f- 1) when m is nega- 

077 “JL 

tive. The frequencies emitted are, therefore : 

m . 3 -f 2 + 1 —1—2—3... 

*■' - c Q Sc Q 5c 0 , . . . 

where = A Stt 2 /. The frequency — for — 0 indicates an 
absorption of energy by the molecule. The spectrum should 
therefore consist of lines with frequencies c Q , 3 c Q 5c a , etc., a 
series of equally spaced lines, and from existing data in connection 
with molecular moments of inertia (of the order of 10“ 40 for the 
lighter molecules) vre conclude that the lines must lie in the far 
infra-red, round about 30 /x. In spite of the great difficulties 
attending work in this region a certain amount of evidence, 
confirmatory of the theory, has been obtained, e.g., for water- 
vapour absorption. 
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More recently half-quantum numbers have been introduced, 
i.e. s m — i is written for m. This leads to the formula : 

v = sir (2w) ’ 

which contains no constant term. In some cases no constant 
term is found, e.g., for HC1 rotation bands,* pointing to the 
existence of half-quantum numbers. 

7. Oscillation-rotation Bands. The bands in the near infra-red, 
and especially those towards the visible region of the spectrum, 
possess a fine structure. The calculations of the previous section 
can now be applied, so far as rotation is concerned, to the fine 
structure found in these oscillation-rotation bands. If we suppose 
that the molecule vibrates with a frequency, v 0 , then as a decrease, 
hv Q , in the internal energy may occur simultaneously with the 
change in angular momentum, the frequencies which will be 
emitted when the oscillation and rotation energies both change 
will be given by : 

h 

v = V ° + 8^*1 ^ 2m ~^. ,4> 


assuming that the moment of inertia remains unchanged. Such 
a formula would indicate a fundamental v 0 and harmonics. The 
frequencies emitted are : 


3 

f v o + 5c o 

[r 0 — 7c o 


v 0 4“ Sc o 


1 

4 - 

- Sc P 


The fundamental frequency, v 0 , is invariably absent from the 
spectrum, and often one or more of the adjacent lines, v 0 — c Q , etc 
are also suppressed. The absence of the former has been attri¬ 
buted to the non-existence of molecules having no rotational 
energy, which would obviously be the only ones capable of giving 
rise to it. This explanation would at the same time account for 
the absence of the adjacent lines. On the other hand, it may be 
that the non-rotating molecule is capable of existing, but incapable 
of emitting its characteristic frequency v 0 , without a simultaneous 
change in its angular momentum. 

* See Czerny, Zeiis. f. Phys., 34, 227 (1925). 
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It has been assumed so far that the moment of inertia remains 
unchanged during energy changes, but the latter are bound to 
cause a change in the value of /, so that if I 1 denotes the final 
moment of inertia after the energy change, equation (3) becomes : 


hv — E — E x 


h 2 m 2 li 2 m^ 

8 tT 2 I 87 T 2 !^ 


If m —> (m — 1) we have, taking the oscillation and rotation 
energies into account, 

k z m 2 h z (m — l) 2 
0 87 t- 2 / 8rr 2 I x 5 


hv 


km 


t.e. y 


Vo “ 


or, writing e 0 r for 


8tt z I 1 

h 


4>7T 2 I x 1 8 77 2 


fa*;, and f ° r Srr 


6-r> 

•G -0 


v = v 0 — t 0 -r 0 i 

Similarly, if (m — 1) increases to ?n. 


(5) 


v = v Q 4- c Q — 2 c Q m -f c 2 m z f 
h 

where c 0 , as before, is equal to ~g ~ £ j' 


(6) 


If the angular momentum remains unaltered during the energy 
change hv &n the frequency emitted will be modified in consequent 
of the change in the moment of inertia, and so for m —>- m, 

v — v 0 -f c 2 m 2 .(7 

Many bands are represented by equations (5), (6) and (7), whic] 
represent three series, forming three branches of the band. Thes 
branches are known as the positive, negative and zero branches 
respectively, or the R, P and Q branches- They are defined s 
follows 


Positive branch, R 
Zero (null) branch, Q 
Negative branch, P 

Only positive integral values 


v = v 0 — c 0 ' 2 c 0 f m + c 2 mK 

V = v 0 4- c 2 m 2 . 

V = V 0 + C 0 — 2c 0 m 4- 
are to be given to m. 
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8. Infra-red Spectra of Gases. For molecules of similar consti¬ 
tution, in which one atom increases progressively in mass, it is 
found that the predicted fundamental infra-red oscillation band 
of the series decreases in frequency with increasing atomic weight. 
Examples are found in the case of HF, HCI, HBr and HI, for 
which * the values of v 0 , are, respectively, 4003, 2030. 2300 and 
2272 cm -1 , and of NH 3 , PH 3 , AsH 3 , which + have for one of the 
fundamentals the wave numbers, 1630-0, 1125*0 and 1005*4 cm” 1 , 
respectively. The frequency of rotation in a similar series of 
molecules slows down with increasing atomic weight of the 
characteristic atom.f 

The moment of inertia of a molecule, obtained from observations 
of the spacing of fine structure in the infra-red,§ lias been found 
to agree 'with the value as calculated by ordinary spectroscopic 
methods. 

Barker and Meyer,]] in a survey of the experimental investiga¬ 
tions on the vibration bands of simple molecules in the gaseous 
state, propose a method of classification of molecules into groups 
according to the complexity of the rotational energies. Diatomic 
and linear molecules, like carbon dioxide and acetylene, only 
rotate in a plane and show no precession. Polyatomic molecules 
rotate with a precession, the complexity of which depends on the 
molecular symmetry. 

In addition to the light which they throw on molecular struc¬ 
ture, the infra-red bands of gases also afford other varied informa¬ 
tion. Thus infra-red data have been used to determine the 
quantity of radiation from the sun, stars and planets, and 
the temperatures prevailing in these bodies have thereby been 
deduced. 

A knowledge of the infra-red spectrum of water vapour, and 
of carbon dioxide, is of importance in considering the nature and 
quality of energy reaching us from the sun. Simpson, making use 
of the absorption coefficients of water and carbon dioxide in the 

* See Czerny, Zeits.f. Phys 44, 235 (1927). 
f See Robertson and Fox, Proc. Roy. Soc., A, 120,189 (1928). 
t Loc. tit., Czerny. 

§ See Snow, Rawlins and Rideal, Proc. Roy . Soc., A , 124, 453 (1929). 
j[ Trans , Farad. Soc., 25, 912 (1929), 
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infra-red, has predicted that an increase in solar radiation would 
result in increased cloud and precipitation, and even in the 
apparent paradox of an ice age. 

9. Infra-red Spectra of Liquids. When salts, which easily form 
hydrates, such as CaCl 2 , A1 2 (S0 4 ) 3 , etc., are dissolved in water, the 
solution may be more transparent than water in certain parts of 
the spectrum. According to the solvate theory which has been 
put forward, the dissolved salts form slightly stable compounds 
with the water, which are*more transparent to the infra-red than 
water, under the same conditions On the other hand, it has been 
suggested that there exist in water several kinds of molecules 
which possess different absorption bands. Neither theory, how¬ 
ever, accounts for all of the observed results. 

The infra-red spectra of liquids may be correlated with their 
chemical constitution. For example, the spectra of the primary 
alcohols,* i.e these which contain a CH 2 OH group, are very 
similar up to about wave-length 10 both in the position and 
intensity of the principal bands. On the other hand, beyond 10 /z, 
all of these spectra are distinguishable, one from the other. 

The structure of a compound may be determined from a know¬ 
ledge of its infra-red spectrum. For example, in the case of water 
of crystallisation, e.g., in gypsum (CaS0 4 , 2H 2 0), the principal 
water bands appear in the spectra, in some cases being super¬ 
imposed upon the characteristic bands of the compound, which they 
completely mask. The occluded water behaves as though it were 
itself anisotropic in an anisotropic crystal, uniaxial in an uniaxial 
crystal, and biaxial in a biaxial crystal. On the other hand, with 
water of constitution, e.g., manganite, Mn(OH) 2 , all the water 
bands disappear, exeept the one of wave-length 3 g,. 

The absorption spectra of organic liquids show T numerous bands 
in the infra-red region below 3 jjl. Now it is probable that most, if 
not all, of the fundamental absorption bands of hydrocarbons, 
which are associated with the fundamental vibration frequencies 
of the molecule, occur with wave-lengths greater than 3 fj, and, 
accordingly, bands below 3 pc have been interpreted as having 

* SappeafieW, Pht f s. Rev., 33, 37 (19*28); Smith and Boord, Journ . Amer. 
Chem. Sac,, 48, 1512 (1926). 
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overtone and combination frequencies. A striking example of this 
occurs in the case of benzene.* 

There seems to be considerable similarity between the spectra 
of molecules containing CH and those containing XH groups. For 
associated with each type of group, or linkage as it is called, there 
appear to be two fundamental bands near wave-lengths 3-3-3*4 p 
and 6*7—6*9 p for CH, and near 3 p and 6 p for XH, the shorter wave 
fundamental in each instance having an anharmonic series of over¬ 
tones, and the longer having few, if any, overtones. 

10. Infra-red Spectra of Solids. The most sensitive method of 
investigating the infra-red spectra of solids is by means of absorp¬ 
tion, or transmission. In general, the reflection method gives only 
the fundamentals, whereas if we know the absorption law of the 
solid, it follows that every absorption, however small, can be 
detected by using sufficiently thick pieces of the material in ques¬ 
tion, and not only can the fundamentals be found, but also all 
combinations. If one has measured the absorption and reflection 
spectrum of a substance—the latter giving only the fundamentals— 
then it is possible to express all other bands in terms of the funda¬ 
mentals. If there remain bands which cannot be accounted for 
either as fundamentals, harmonics or combinations, then it is 
possible that there exists, also, a fundamental which is inactive , 
i.e.t an imperceptible fu?idamental. 

Among the many very striking resemblances between the 
absorption spectra of salts may be mentioned that of different 
salts containing AX 4 groups. Tolksdorf *f investigated the four 
salts, sulphate, chromate, perchlorate and permanganate of 
potassium. All four show a very intense absorption at positions 
not very far removed from wave-length 10 p. In addition, there is 
an inactive fundamental associated with each group. 

Taylor J measured the absorption spectra of K3In0 4 in the 
infra-red and found a band at wave-length 12*7 p. Further, the 
absorption spectrum was banded in the visible region. The 
frequency difference between these bands is the frequency of 

* See Ellis, Trans . Farad. Soc., 25, 
t Zeits. phys. Chem., 132, 161 (1928). 

$ Trans. Farad . Soc., 25, 860 (1929). 
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oscillation of the Mn atom, as determined from the infra-red 
spectrum. On dissolving the salt in water, the bands in the 
visible region were less widely spaced. This is attributed to the 
slowing down of the vibration of the Mn atom within the Mn0 4 
group, due to hydration of the negatively charged ion. 

Apart from the large amount of experimental work that has been 
done in the infra-red region, the ultra-violet and visible regions 
have also received much attention. For details of recent work the 
reader is advised to consult the report * on “ Molecular Structure. 59 
The study of band spectra, in general, promises to be a valuable 
source of information about the masses and structure of the nuclei 
of atoms, and in particular seems likely to lead to the discovery of 
many new isotopes.*!* Already it has been established that there 
are oxygen isotopes of mass IT and 18, and that carbon has an 
isotope of mass 13. It may be that all elements have isotopes, 
although the agreement of Aston’s determinations wuth the usual 
atomic weights proves that any isotopes, as yet unknown, can only 
be present in very small amounts. For the detection of such 
isotopes, the analysis of band spectra seems superior to the mass 
spectrograph, although, as band spectra give only the relative 
masses of two isotopes, the two methods must be used to supple¬ 
ment each other. 

11. The Application of Band Spectra to Two Types of Hydrogen. 

Wigner and Witmer J have extended the wave mechanics of atomic 
spectra to molecular spectra, and have shown that at ordinary 
room temperatures hydrogen consists of two sets of molecules. 
In other words, there are two forms of hydrogen, viz., symmetric 
(para } and antisymmetric (ortho). These theoretical considerations 
have received striking experimental confirmation. 

Denison § has shown that calculations of the specific heat of 
hydrogen, on this basis, are in complete accord with fact. Hydro¬ 
gen, which has been kept at very low temperatures for a long 
enough time, and then heated, should have a different specific heat 
curve, ijt., the curve relating specific heat and temperature, from 

* Trans. Farad. Sac., 25, 611 (1929). 

f See Birge, ibid. , 718 (1929). 

1 Zeits.f. Pkys., 51, 859 (1928). 

§ Proc. Roy. Sac., A, 115, 483 (1927). 
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that obtained with normal hydrogen. This experiment has been 
made by Bonhoeffer and Harteck.* They succeeded in producing 
large changes in the properties of hydrogen by cooling it to liquid- 
air, or liquid-hydrogen, temperatures in the presence of charcoal. 
While the equilibrium ratio of symmetric (para) to antisymmetric 
(ortho) hydrogen at ordinary temperatures is 1:3, this becomes 
1 :1, approximately, at liquid-air temperatures, and at liquid- 
hydrogen temperatures, hydrogen in equilibrium should consist 
of nearly 100 per cent, symmetric molecules. Using charcoal as 
a catalyst, they prepared mixtures of symmetric and antisym¬ 
metric hydrogen, varying in composition from 25 per cent, to 
nearly 100 per cent, of the symmetric form. Some properties of 
the two forms and of ordinary hydrogen—the 1 : 3 mixture— 
are given in the following table : 

Symmetric Antisymmetric * Ordinary 
(pctra) Hydrogen, {ortho) Hydrogen • Hydrogen. 


Triple point . . . 13-83°K 13-99 C K 13*95^K 

Vapour Pressure at 20-39°K. 787 ± 1mm 751mm. 7G0mm. 

The heat of vaporisation of the symmetric hydrogen is 0-65 per 
cent, less than that of the antisymmetric form. Independently, 
Eucken f secured an enrichment of the symmetric hydrogen by 
cooling hydrogen at high pressures to liquid-'air temperatures, and 
has shown that the heat capacity of different samples, so treated, 
differs widely from that of ordinary hydrogen, in accordance with 
Denison’s theory. 

The transformation of ortho-hydrogen into para-hydrogen from 
the room-temperature equilibrium ratio of 3 : 1 toward the zero- 
degree equilibrium ratio of 0 : 1, actually proceeds very slowly, as 
is to be expected, in cold hydrogen gas, kept under very high j 
pressures, so as to increase the frequency of molecular collisions j 
The changing ratio may be followed by means of the changing^ 
specific heat of the gas, which behaves like a mixture of two gases 

* Zeits. phys. Chem 4, 113 (1929). 
t Naturwiss , 17, 182 (1929). 
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different specific-heat curves. An interesting- result of 
this work is that, just as in cooling ordinary hydrogen below room 
temperature the 3 : 1 ratio is ordinarily preserved, so in warming 
hydrogen, which has been kept near 0° K. in charcoal, the 0 : 1 
ratio, characteristic of the latter temperature, is preserved. 

Clusius and Hiller * have described a relatively simple installa¬ 
tion for preparing para-hydrogen in large quantities underpressure. 
They also evaluated the specific heats of liquid and solid para- 
hydrogen, and the heats of fusion. Within the limits of experi¬ 
mental error these quantities are in agreement with those of 
ordinary hydrogen. The specific heat of para-hydrogen exceeds, 
at 115= K., the classical value for the diatomic rotator, as predicted 
hv^ie new quantum mechanics. 

12. The Raman Effect. In recent years a large number of 
experiments have been made on the scattering of light by gases, 
solids and liquids,f and the most important discovery arising from 
this work is the Raman effect. 

Raman % found that when monochromatic light of a definite 
frequency was passed through organic liquids, such as benzene, 
toluene, ete., the most intense line in the scattered light was equal 
in frequency to that of the incident light, as was to be expected on 
the classical theory, but, in addition, a number of new lines were 
observed on the low-frequency side of the main line, and a few 
fainter ones on the high-frequency side. These lines are often 
referred to as the Stokes’ and anti-Stokes 9 lines , respectively, in 
analogy to similar lines in fluorescent spectra. By the process of 
scattering, a set of new discrete frequencies had thus made their 
appearance. 

The magnitude of the change in frequency is found to depend 
upon the nature of the scattering material, and is independent of 
I the frequency of the incident light. In general,~each exciting line 
| evokes several modified lines, some of which may be plane 
' polarised. 

The Raman effect is shown by many liquids, by gases under 

* Zeits. phys. Chem 4, 158 (3 929). 

t See Raman, Phil. Mag., 5, 498 (1928) ; Proc. Roy. Soc. 9 A, 122, 23 (1929). 

| Indian Joum. Phys.„ 2, 387 (1928). 
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pressure and by transparent solids. The effect in the ease of 
solids was discovered independently by Landsberg and Mandel¬ 
stam,* who examined the light scattered by certain crystals. 
Such experiments are not easy, for the scattered light is feeble, and 
long exposures with intense sources of light are necessary to bring 
out the relatively faint new lines. 

Superficially, the Raman effect resembles fluorescence, but in 
the latter phenomenon the frequencies of the lines of the 
fluorescent spectrum are independent of those of the exciting lines, 
provided that the latter are able to excite fluorescence. But the 
frequencies of the radiations, modified by Raman scattering, are 
directly related to the frequency of the incident light. If this be 
v , the frequencies of the new lines are v — or v — r x , where the 
shifts, v l9 are either actual infra-red frequencies in the absorp¬ 
tion spectrum of the scattering substance, or differences in such 
frequencies. For example, among the lines emitted by a mercury 
vapour lamp, are those of wave numbers. 27,354, 27,290. 24.704 
and 22,939 cm. -1 , which, when scattered by benzene molecules, 
give rise to Raman lines, including those of wave number 24.294, 
24,231, 21,646 and 19,877 cm. -1 , respectively. Each of these lias 
been shifted towards the red from the exciting line by an amount 
3,060 cm. -1 , approximately, and corresponds to an infra-red wave¬ 
length 3-27 /ji. The infra-red absorption spectrum of benzene 
includes a strong band at 3-25 /z. 

The intensities of the Raman lines are of a different order com¬ 
pared with the lines in the fluorescent spectrum, and, in addition, 
many of them are strongly polarised. 

With few exceptions, the displaced Raman lines correspond to 
observed infra-red bands, but there seems to be little or no correla¬ 
tion between the relative intensities of the displaced lines and the 
intensities of the corresponding infra-red bands. Thus benzene 
has a very strong absorption band at wave-length 9-75 /t, toluene 
one at 6-86 p,, and chlorbenzene at 6*77 /z, but Pringsheim t finds 
no evidence for any scattered lines displaced by the corresponding 
frequencies. In addition, the most intense Raman lines of these 

* Nalurwiss , 28, 557 <1928). 

t Zeits.f- Phys., 50, 741 (1928). 
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substances are displaced by frequencies corresponding to the 
10*3 (jl, 10*2 fj. and 10*0 (jl infra-red bands, respectively, which are 
not the strongest infra-red bands of the substances. It appears 
that we may have a Raman line corresponding to an infra-red 
transition which is forbidden by the selection rules, and we thus 
have the possibility of detecting energy levels of molecules which 
can only be found by the Raman effect. Langer * has utilised 
this principle in his work on the Raman effect in C Cl 4 . 

Raman illuminated his fluids in spherical glass bulbs, concen¬ 
trating the light of a mercury arc at the centre of the bulb, and 
photographing the illuminated area, viewed end-on. This method 
of excitation is very inefficient, although the mercury arc is still 
used extensively as a source of illumination for the excitation of 
the Raman effect. An improved form of apparatus with mercury 
excitation, as used by Wood,I is shown in Fig. 23 (a). He has 
also adopted the helium discharge as a source of radiation, 
employing the strong line, A, 3,888-6 A., Fig 23 ( b ). In the latter 
case the apparatus consists of a tube wound into a tight spiral, 
furnished with copper electrodes, and operated by a transformer 
giving 20,000 volts. Within this tube is a second one, open at both 
ends and transparent only to ultra-violet light. Inside this second 
tube is a third one of transparent glass, one end of which is 
flattened, ground plane, and polished, and the other end drawn 
off to an oblique funnel, painted black on the outside to provide 
a black background against which the excited liquid is viewed. 

The apparatus for the excitation of the Raman effect in gases 
consists of a tube drawn off into a tapering cone at the rear, and 
constricted and expanded at the point. It is mounted over, and 
in contact with, a very long mercury-arc lamp. Hollow cylindrical 
reflectors enclose the two tubes. The illumination produced in 
this way is very intense, as the light from the lamp is beaten back 
and forth between the walls of the reflectors. The exposure 
may be shortened by having the gas under pressure. 

In the ease of solids the light from a mercury vapour lamp is 
directed by a large condensing lens on to a block of the material. 

Nature, 123, 345 (1929). 
t Pkil. Mag., 6, 729 (1928) ; 7, 744 (1929). 
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and the light, scattered at right-angles, is focussed on to the slit of 
a spectrograph. It has been shown by Bar * and Menzies f that 



Fig. 23.—Raman effect technique. 


the Raman spectra of solids in powder form may be obtained, the 
incident radiation being much weakened by repeated reflections. 


* Nature, 124, 692 (1929). 
t Ibid., 124, 511 (1929). 




182 


ELECTROMAGNETIC RADIATIONS 


This is an advantage, since only a few solids are obtainable in 

The Intensity and Polarisation of Raman Lines. The 

intensity of the Raman lines increases rapidly with decreasing 
wave-length of the incident radiations. Experiment and theory 
have proved that the Stokes’ lines, v —r 1# situated towards the 
red. are always more intense than the corresponding anti-Stokes’ 
lines, v — v t . 

The anti-Stokes’ lines or, as they are sometimes called, the 
positive lines . grow more intense as the temperature is raised * and, 
in addition, the shifted lines all move inward toward the position 
of the unshifted light as the temperature rises. Briekwedde and 
Peters f have studied the variation of the intensity of the Raman 
lines from quartz as a function of the temperature, using the 
A, 2,537 A., line of mercury. Their results are shown in Fig. 24 (b). 
The very broad black band is due to primary light (A, 2,537 A.) 
scattered without change of frequency. The lines marked S 21 ju, 
ami A 21 fi are Raman lines, eorresjuonding to an absorption band 
at A. 21*5 /z. The former are due to quanta which have spent part 
of their energy in exciting vibrations corresponding to A, 21 /z, while 
the latter. A 21 /z, consist of quanta which have received energy 
from these vibrations. At 55' C. the Stokes’ line, S 21 p,, is more 
intense than the mercury line, A, 2,564 A. At 300° C. they are of 
equal intensity, and at 525" C., the mercury line. A, 2,564 A., is 
more intense than S 21 /z. Thus the temperature variation of the 
Raman effect in crystalline media is different from that according 
to the classical theory of scattering which predicts an increase 
in intensity of the scattered radiation with the absolute tem¬ 
perature. Jf the Raman scattering were coherent, the intensity 
of the Stokes' line, S 21 /x, should increase with temperature, and it 
should be more intense than the mercury line. A, 2,564 A., at 
525 c C. 

The fact that different lines are differently polarised is probably 
closely connected with the relative intensity of the Raman lines 
and the appearance, or non-appearance, of infra-red absorption 

* See Krishnan, Nature , 122, 650 (1928). 

t Bull. Am. Rhys. Soc., 3 (1928). 
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lines. Results seem to indicate that, in liquids at any rate, the 
depolarisation * of the classically scattered light shows a very 
rapid increase as we approach the ultra-violet. The theory of 
anomalous dispersion leads us to anticipate the existence of such 
an effect. 

Cabannes *f* found that the Raman lines in crystals (quartz and 
Iceland spar) are not all in the same state of polarisation, the 
intensity and depolarisation of the lines depending upon the 
orientation of the crystal. 

Menzies J has investigated the polarisation of lines in the 
spectra of light scattered by liquids, CC1 4 , etc., in a direction, 
perpendicular to the incident beam and also in a direction obliquely 
forward. He concluded that many of the observed facts could be 
accounted for by considering the initial and final directions of 
vibration, in the molecule involved, to be parallel in the case of the 
polarised lines, perpendicular in that of the unpolarised lines, and 
at an oblique angle in the case of partially polarised lines. 

Raman lines may be arranged in three chief groups § accord¬ 
ing to their widths : (1) lines of width less than 1 A. (crystals) ; 
(2) lines of width 1 to 3 A., which include most of the lines 
observed ; (3) bands of width 5 to 30 A. (mineral compounds). 

'■'14. The Raman Effect in Gases and Vapours. The intensity 
of the light scattered from gases is very weak, but by the use of 
high pressures, spectrographs of great light-gathering power, and 
intense intrinsic illumination, the difficulties of investigation may 
be overcome. 

Allen || has suggested that many of the faint lines in the 
secondary spectrum of hydrogen may arise from Raman scattering, 
the Balmer series lines acting as the exciting sources. Deodhar * 
actually observed the Raman effect in the secondary spectrum, 
the frequencies of the Raman lines being shifted in some cases to 

* Depolarisation is the ratio of the intensity of the scattered radiation, 
relative to the vibrations parallel to the incident beam, to the intensity, 
relative to the vibrations perpendicular to this beam. 

f Trans. Farad. Soc., 29, 813 (1929). 

$ Phil. Mag., 8, 504 (1929). 

§ See Daure, Ann. d. Physique , 12, 375 (1929). 

11 Trans. Farad. Soc., 29, 829 (1929). 

f Zeits. f. Phys., 57, 570 (1929). 
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the short wave-length side of the exciting lines, and in others to the 
long wave-length side. 

Wood * has investigated dry HC1 gas, excited by the mercury„ 
line. A, 4,046 A. The Raman line produced is one of wave-length 
4,581*8 A., and the frequency difference between the mercury line 
and this HC1 line corresponds to a wave-length 8*466 p, in the infra¬ 
red, which is almost exactly the wave-length of the “ missing 
line,” or the centre of the gap between the tw T o branches of the HC1 
absorption band. 

Ammonia at atmospheric pressure gives a single line for each 
exciting line, carbon monoxide a line displaced by the frequency 
of its infra-red band, and carbon dioxide a line which is displaced 
by the difference in frequency of two infra-red bands.| Oxygen 
gives a pattern of equally spaced lines, and so does nitrogen and 
hydrogen. 

McLennan J carried out a series of experiments on the Raman 
effect with liquid-oxygen, nitrogen, hydrogen and nitrous oxide. 
His results indicated that with liquid-oxygen a mean vibration 
wave-number, of approximately 1,551*5 cm -1 was involved in the 
Raman effect, and a vibration of mean wave-number, approxi¬ 
mately. 2.828*5 cm.” 1 with liquid-nitrogen. It is known that 
1,554 cm.” 1 is indicated as the primary vibration wave-number of 
the oxygen molecule in its normal state. Hence the results would 
suggest that the primary vibration wave-numbers are the ones 
involved in the production of the four Raman lines observed. 

Theory indicates that in liquid hydrogen there is one set of 
molecules in which the transitions of rotations from m =2 to 
m — 0 can occur, and a second set in which the rotational transi¬ 
tions, m =3 tom = 1, are possible. McLernian’s results for liquid 
hydrogen show that : 

(a) Some of the molecules are in the zero vibrational and zero 
rotational state. 

(b) Others are in the zero vibrational and first quantum 
rotational states. 

* Phil. Mag.. 7, 744 (1929). 

t Rasetti, Nature, 123, 205 (1928). 

t Tram. Farad. Sac., 25, 797 (1929) ; Bov. Soc. Canada , Trans., 24, 197 
(1980). 
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No Raman effects were obtained corresponding to m — 0 —*■ 
jn = l, or m =1 —>■ m = 2, rotational transitions. 

The results also indicated that in liquid hydrogen there must be 
between two and three times as many molecules in the state (b) as 
compared with the number in the state (a), and thus support the 
view that hydrogen at low temperatures must be regarded as a 
mixture of two effectively distinct sets of molecules as described 
in Section 11. 

Daure * has found that gaseous and liquid HC1 give different 
Raman spectra, but it is impossible to explain this anomaly. 

**15. The Raman Effect in Liquids. An idea of the type of Raman 
spectra produced by liquids may be formed by inspecting 
Fig. 24 (a). An interesting feature with C C’I 4 is the triad of lines 
to the right of the exciting radiation, A, 4,358 A., and the equally- 
spaced triad to its left. 

With very well purified water Dadieu and Kohlrausch t found 
two broad bands at about A, 3 p. Ganesan and Venkateswarun i 
have shown that these bands from water at A, 3 p consist of three 
components. A, 2*77 p, 2*90 p and 3T3 p. 

Solutions of salts in water give the Raman effect, the lines 
being characteristic of the salts and of wafer. Ganesan and 
Yenkateswaran found that the well-known bands due to water in 
aqueous solutions of H 2 S0 4 , HC1 and HNO s acids become sharper 
with increasing concentration of the acid. The similarities 
exhibited by solutions of carbonates of different metallic radicals, 
and the similarity of the sulphates and nitrates among each other, 
appear to support the view that the characteristic frequencies are 
those of the ionised acid radical. Rao § used HN0 3 at different 
concentrations and detected Raman lines due to the XO s ion, as 
well as lines which he attributed to HN0 3 . On dilution, the XO s 
lines became more intense up to a maximum, after which they 
decreased in brightness, whereas the HNO s lines beeame pro¬ 
gressively fainter and fainter, disappearing at that dilution at 
which the intensity of the N0 3 lines was a maximum. 

* Phil. Mag., 6,1282 (1928). 
t Zeits.J. Phys 60, 581 (1930). 
j Indian Journ . Phys., 4, 195 (1929). 

§ Nature, 124, 762 (1929) ; see also Woodward, Phys. Z^eits., 32, 212, 261 
(1931). 
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16. The Raman Effect in Solids. The ease of gypsum, 
examined by Krisliman, * is very interesting. The substance 
contains two molecules of water of crystallisation, and Krishnian 
found, in addition to the wave-lengths which could reasonably be 
attributed to the St) 4 radical, three sharp lines at A, 2*8 /z, 2-9 p and 
3 0 /x. These are evidently due to the water of crystallisation and 
are practically in the same position as the components of the band 
observed with water and ice. Schaefer,t however, found only two 
lines due to crystal water. He suggests that the doublet, forming 
two of the three lines observed by Krishnan, can be interpreted 
as a coupling effect due to the association of water molecules. 

The Raman lines obtained with crystals are sharp, becoming 
more diffuse with rise of temperature. In the case of substances 
not usually' obtainable in large clear specimens, the Raman effect 
can be obtained by reflecting light from crystal surfaces. Menzies % 
has used this method with potassium nitrate crystals. 

Landsberg and Mandelstam § found that one of the Raman 
lines in the spectrum of Iceland spar corresponds to the optically 
inactive fundamental frequency of the C0 3 ion. Schaefer, Matossi 
and Aderhold have photographed the Raman spectra of YX 3 
groups—carbonates, nitrates, chlorates and bromates—and of 
XV 4 groups—sulphates, selenates, ammonium phosphate and 
ammonium chloride. In the XY 3 groups the inactive frequency 
is always extremely strong, while the vibration parallel to the axis 
Is always missing. In the XV 4 groups there are four frequencies, 
twopf them inactive. 

xA. Theory of the Raman Effect. Raman suggested originally 
that the Raman lines were displaced by an energy amount equal 
to that required to raise a molecule from the normal state to some 
higher energy level, but if this were so, all Raman lines would 
correspond to infra-red absorption lines, and this is not the case. 

Consider a light quantum, of frequency v and energy hv, 
falling on a molecule in a given direction. The quantum and the 

♦ Indian Journ. Phys., 4, 131 (1929). 
f Tran* . Farad. Soc., 29, 839 (1929). 
t hoc. Hi. 

§ Compies Rendus , 187, 109 (1928). 
ii Zetis.f. Phijs., 65, 289 (1930). 
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molecule are to be regarded as a single system. This system has a 
* number of other states of the same energy. Firstly, those in wh ieh 
the state of the molecule is unchanged, and the original quantum 
is scattered in a new direction without change of frequency ; 
transitions to these states correspond to the classical scattering. 
Secondly, other states in which the state of the molecule is 
changed, its energy being altered by ± kv lt while a quantum of 
light of energy hv dz hv ± is scattered in some new direction. 
Changes to these states correspond to the Raman effect, and 
frequencies v — v 1 and v + v x are observed. The actual changes 
occurring in the molecule which give rise to these new frequencies 
can only be inferred from a detailed consideration of the possible 
modes of vibration of the molecule itself. 

The theory of the Raman effect was given, long before the 
experimental discovery of the phenomenon, in Kramers and 
Heisenberg’s treatment * of dispersion from the point of view of 
the correspondence principle. In this theory some of the funda¬ 
mental assumptions of the later-developed matrix mechanics + 
were already implied, so that the formula given by Kramers and 
Heisenberg for the electric moment of a system, perturbed by the 
field of a light wave, is exactly the same as it is when derived by 
the methods of wave mechanics. 

It has been shown from the quantum theory that if we take an 
atom in the quantum state distinguished by the index k (which 
we will assume to be the normal state) the perturbation due to a 
light wave of frequency v gives rise to harmonic components in the 
electric moment of the system having frequencies expressed by : 


where 1 represents any other state of the system satisfying only the 
condition that the expression above must be positive, and is the 
frequency corresponding to a transition of the scattering molecule 
from state k to state 1, E representing energy. Considering the 

* Zeits.f . Phys 31, 681 (1925). 

t See Klein, Zeits. f. Phys., 41 A, 

710 (1927). 
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simplest ease, in which the electric moment associated with the 
transitions involved in the process has the same direction, x say, 
as the electric vector of the light wave, the amplitude in the 
x direction of the harmonic component v lk in the electric moment 
is proportional to : 


where the quantities a? ks are the transition probabilities 
between the states 1 and s (in particular, if — 0, the corre¬ 
sponding transition is forbidden). 

From this is appears that the condition for observing a transi¬ 
tion (k 1) as a Raman shift is not that this transition should occur 
in emission, or absorption (which means a? kl 4= 0), but that both 
the k and 1 states should combine with a third state s (or with 
more than one), in order to give at least one of the products t r ks «r Ia , 
different from zero. This means that in an atom with a simple 
spectrum, such as that of any element in the first three columns 
of the periodic table, practically only forbidden transitions can 
take place in the Raman effect. 

This reasoning also applies to the ease of a diatomic molecule. 
Only, if the molecule is not polar, such as 0 2 or N 2 , transitions 
between the different vibrational states, without change in the 
electronic levels, do not give rise to radiation, because of the 
absence of an electric moment and, therefore, do not occur, 
although they are not properly “ forbidden ” transitions. Such 
transitions are expected to take place in the Raman effect, exactly 
as the forbidden ” transitions in atoms, because of the fact that 
different vibrational states, belonging to the same electronic level, 
combine with other states with a change in the electronic configura- 
tion. These considerations show that we have the possibility of 
! deducing energy levels of molecules which cannot be detected in 
I other ways.* 

18. The Extreme Ultra-violet Region of the Spectrum. The 

extreme ultra-violet region of the spectrum may be arbitrarily 

* For a m uuum ry of the subject and an index bibliography, see Bhagavan 
turn. Indiem Journ. 5, 237 (1930). 
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defined as that part lying between wave-lengths 2,000 A. and 
150 A., the region between the latter limit and 10 A. being 
described as belonging to soft X-rays. 

Schumann was the pioneer in this short wave-length work. He 
used a prism spectrograph of the usual form enclosed in an air¬ 
tight casing. The lenses and prisms were of fluorite, and he 
investigated the region A, 2,000 A.—A, 1,200 A. 

The substitution of a concave grating for prisms and lenses of 
fluorite enabled workers, particularly Lyman, to push the limit of 
the spectrum considerably beyond the point reached by Schumann. 
The vacuum grating spectroscopes employed ma}" be divided into 
two classes ; in the first, the light falls nearly normally on the 
grating, in the second, grazing incidence is utilised. The great 
majority of instruments in use at the present time belong to the 
first type, but the second, which is becoming more common, will 
probably be used to a greater extent in the future. In practice, 
the vacuum inside the spectroscope should be as high as possible, 
and a special arrangement of pumps is necessary, whereby the 
gases from the neighbourhood of the source are removed at a 
point close to the slit. The use of a window between the source 
and the slit is, of course, debarred. 

In the normal incidence type of instrument the concave grating, 
usually of about a metre radius, is placed at the end of a tube in a 
suitable holder ; the other end of the tube carries the slit and 
photographic plate. In the best practice the only communication 
between the source of radiation and the body of the spectroscope 
is a short and narrow slit. If an electrical discharge is used as the 
source of radiation, the gas which flows in the neighbourhood of 
the discharge is removed on the grating side of the slit by a 
special pump connection. 

In general, there are four types of radiation source, which have 
proved useful in the extreme ultra-violet, viz., the hot spark, the 
spark operating in an atmosphere of transparent gas, the arc and 
the electrical discharge. With the hot spark arrangement the 
terminals are placed very close together, being separated by a 
distance of 1 mm., or less, and a disruptive discharge is applied, 
either directly, or indirectly, through an external gap, placed in 
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series. This high-vacuum spark is rich in light of very short wave¬ 
length, and often gives out X-rays of sufficient penetrating power 
to reveal the hones of the hand. 

For the study of absorption spectra Lyman * has shown that 
continuous radiation extending to A, 900 A. may be produced bv 
charging a condenser of about one-half microfarad capacity with a 
direct current, and then discharging it through a vacuum tube of 
the internal capillary type, arranged in series with a half-centi¬ 
metre gap. The absorbing substance is then introduced in front 
of the slit or, if it is a gas, some workers admit it to the body of the 
spectrograph. 

Until fairly recently speculum was employed for the grating, 
but recently Wood succeeded in producing a satisfactory grating 
very lightly ruled on glass. This type is considered better than 
the "peemun: grating. 

The arrangement of the various parts of a vacuum spectrograph 
may be considered by reference to that employed by Compton and 
Boyce,t and shown in Fig. 25. The source of light is at A, the 
grating at G, and the photographic plate at P. All are placed in 
an air-tight enclosure. The apparatus is opened to introduce, or 
remove, a photographic plate by removing the br^ss end plate E. 
The plate can be tilted through a small angle fey means of an 
external control in which the rotation of the external magnet, M, 
causes the rotation of the armature on the inside of the spectro¬ 
scope, and this action is transmitted through a set of small reducing 
gears to the pinion A', which controls the tilt of the plate. The 
slit system, S, is specially designed to permit the maintenance of a 
large pressure ratio on its two sides, whereby an excellent vacuum 
is maintained in the main body of the spectrograph, although 
there is sufficient pressure of gas in the bulb 33, containing the 
light source, to permit of suitable spectral excitation. To accom¬ 
plish this the slit system is double. The first slit (the one nearest 
the light source) is the spectroscopic slit, and is adjusted to a width 
of about 0*001 cm. One centimetre behind it is a second slit, just 
enough wider to permit the unobstructed passage of the light from 

* Science, 64, 89 (1926). 

| Journ. Frank . Inst ,, 205, 497 (1928). 
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the first slit to the entire surface of the grating, G. From between 
these two slits, gas is pumped away by a rapid diffusion pump at 
P r The gas which passes the second slit is pumped away from 
the main body of the spectrograph by another rapid diffusion 
pump P 4 . 

For the source of light, electrons from a Wehnelt cathode. C. 



Fig. 25.—The vacuum spectrograph. (Compton and Boyce.) 

are drawn through an applied potential difference to the anode, A. 
The space within the latter is field-free, and radiation is excited 
by electron impacts against the molecules. There are two open¬ 
ings at opposite sides of the box through one of which radiation 
passes to the slits, S, and from the other radiation is transmitted 
through a quartz window, Q, and enters a quartz spectrograph. 
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The shortest wave-length lines obtained with this arrangement 
were : 

Helium A, 309*04 A. 

Neon A, 353-01 A. 

An example among the many used of the second type of spectro¬ 
graph, where the radiation impinges on the grating at a large angle 
of incidence, is shown in Fig. 26, which represents the arrange¬ 
ment used by Hoag.* The source of light, slit, concave grating, 
and plate holder are all located on a circle, whose radius of curva¬ 
ture is one-half that of the grating. The image of the slit is then 
sharply focussed along the circle. This would be a typical 



Rowland mounting, if the slit were not so close to the grating, i.e., 
if the angle of incidence were not so large. In designing the 
apparatus the usual equation : 

nA = d(sin i — sin 6 ), 

was used to compute the angle of diffraction, 6, for various values 
of the angle of incidence, i , approximately 80°. The dispersion of 
the instrument is very great, and with the hot spark as the source 
of radiation, spectra were photographed down to A, 200 A. 
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The published data for the extreme ultra violet are far too 
numerous to tabulate, and only a few of the results can be men¬ 
tioned. Millikan,* using the hot spark as a source of radiation, 
photographed the region and determined wave-lengths down to 
136*6 A. in the case of aluminium, and to 149*5 A. in the ease 
of copper. He also photographed and located the L a lines of 
Al, Mg and Na at A, 144*3 A., 232*2 A. and 372*2 A., respectively. 
By selecting certain strong lines in the spectra of the lighter 
elements, he endeavoured to show that the relations which connect 
frequency and atomic number in the X-ray region also hold in 
optical spectra. More recent investigations have indicated that his 
earlier identifications were not always correct. 

Using a vacuum spectrometer for the extreme ultra-violet, 
designed by Siegbahn, Edlen and Erieson f succeeded in obtaining 
and measuring optical spectra down to A, 100 A. Regions up 
to A, 1,250 A. were measured with dispersions of 3*5 A. per 
millimetre at A, 100 A. and 6*5 A. per millimetre at A, 1,000 A., 
a concave grating on speculum metal with 571 lines per millimetre 
being used. In the case of copper, lines down to A, 155*7 A. were 
present as intense line groups, and the spectrum actually extended 
to A, 126 A. The measurements included about 140 lines below A, 
200 A. 

An investigation of the lighter elements from lithium to fluorine j 
revealed hitherto unknown spectral series of highly ionised atoms, j 
The lines reported by Millikan and Bowen J were generally found 
within their limits of error. Edlen and Erieson were unable to 
obtain the lines at A, 136*6 A. and A, 144*3 A., ascribed by Millikan 
to oxygen, which had previously been considered as the shortest 
wave-lengths measured in optical spectra. 

Edlen and Erieson also extended the ultra-violet region in the 
case of ionised beryllium to A, 100*25 A. Though the ratio of 
grating space to wave-length was about 180, the line appeared 
extremely sharp. 

Soderman § recently measured the X-ray K-series of the lighter 

* Proc . Nat. Acad. Sci ., 7, 289 (1921). 

f Nature, 124, 688 (1929). 

X Phi/s. Rev., 23, 1 (1924). 

§ Zeits.f .. Rhys., 52, 795 (1929) ; PhiL Mag., 10, 600 (1930). 
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elements down to and including beryllium. The IC line of this 
element, as given by Sdderman, extends from A, 111 A. to A, 122 A. 
with its maximum at A, 113*4 A. It is interesting to note that the 
optical and X-ray spectra of the same element thus overlap. 

More recently Edlen * has extended the limit of optical spectra 
to A, 40*28 A. (a carbon V line). Other short wave-length 
lines measured include boron IV, A, 52*68 A., beryllium III, 
A, 82*37 A. The measurements also include lines of the series : 
boron IV, boron V, and carbon V, which are hydrogen- and helium¬ 
like spectra, the atoms having been stripped of their electrons. 

Millikan and Bowen j* have succeeded in showing that the law 
which connects the separation of regular X-ray doublets with 
atomic number holds for the lighter elements throughout the 
spectrum. They have demonstrated the applicability of a rule by 
which the position of irregular doublets may be predicted from 
element to element, a rule which had its origin in the study of 
X-rays. Finally, they have applied their investigations of series 
relations in general, and of the doublet laws in particular, to some 
of the basic principles of Bohr’s atomic theory. 

19. Ultra-violet Photomicrography. It is well known that the 
smallest distance, d, separating two points of an object is given by 
the relation : 

d = - - A , 

2 sin a 

where A is the "wave-length of the light used in the medium sur¬ 
rounding the object, and a is the angle subtended at any point in 
the object by half the effective angular aperture of the objective. 
This equation is usually written : 

d = „ . , 

2 n sin a 

where A 0 is the wave-length in vacuo, and n, the refractive index of 
the medium. It follows that the value of d, the distance between 
any two elements of recurring structure, is dependent on the wave- 

Nature, 127, 40 5 (1931). 
f Lac. cit 
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length of the light -used, and on the product n sin a, which is 
known as the numerical aperture (N.A.) of the illuminating and 
observing optical system. 

The shortest wave-length that has sufficient luminosity in the 
visible spectrum for direct observation may be regarded as being 
in the region of wave-length 4,750 A. By utilising ultra-violet 
radiations of a wave-length as short as A, 2,200 A., resolution will, 
other things being equal, thereby be doubled. The image cannot, 
of course, be a visual one, and the optical system must be composed 
of materials which are transparent to ultra-violet light. The 
immersion fluid must also be sufficiently transparent to ultra-violet 
light, and in this respect glycerine fulfils the purpose. The source 
of light is, as a rule, a high-tension spark discharge between 
metallic electrodes, usually magnesium, or cadmium. The 
necessary characteristics of the light are, that it should emit ultra¬ 
violet radiations in sufficient quantity, and that its spectrum 
should mainly consist of a few intense bright lines or groups 
of lines. 

Mees * has suggested that the mercury line A, 3,650 A. is 
particularly suited for photomicrography. The theoretical limit 
of its resolving power with an objective of N.A. = 1*4 is 0*13 //,. 
As a spectral line, it not only meets the specifications for ideal 
illumination, but, if obtained from a high-pressure mercury arc, 
is one of the most intense sources of monochromatic energy in 
the ultra-violet. Its greatest advantage, however, lies in the 
fact that a glass system can be used. Mees has pointed out that 
with A, 2,750 A. radiation the only objective available has an 
N.A. = 1-25, which gives a theoretical resolving power of 0*11 fi. 
The difference between the resolution of 0-13 and 0*11 hardly 
seems sufficient justification to make the whole optical system 
of quartz with a complicated light source, such as the condensed 
magnesium spark. Selective absorption, which proteins show' 
for A, 3,650 A., makes the arrangement valuable. Cedar oil 
possesses a high absorption for A, 3,650 A. and the best trans¬ 
mitting oil for this wave-length is sandalwood. 

* Joum. Frank . Inst., 210, 525 (1926). See also Trivelli and Foster, J&um. 
Opt Soc. Amer 21,124 (1931). 
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20. The Measurement of X-ray Wave-lengths. In general, long 
X-r ay wave-lengths have been measured by four methods, using 

(a) crystals with large spacings, 

(b) ruled gratings, 

(c) the photo-electric effect, 

(d) the calorimeter method. 

(a) The lirst reliable value of the wave-length of X-rays was 
obtained by Bragg.* He determined the atomic arrangement 
in a rock-salt crystal, and used the calculated distance between 
its layers of atoms as a standard for measuring the wave-length 
of the palladium K line from the formula : 

nX = 2d sin 6 ,.(8) 

where n is the order of the spectrum, d , the spacing between the 
atomic planes, and 6 , the glancing angle. A narrow pencil of 
X-rays, defined by a system of slits, is allowed to fall upon a crystal 
face. The rellected ray is received in an ionisation chamber, and 
flit' angle 6 determined. De Broglie t introduced a photographic 
method whereby the whole spectrum was recorded on a photo¬ 
graphic plate by rotation, to and fro, of the crystal. 

When one takes into account the refractive index, w, of the 
crystal for X-rays, the above relation becomes : 

nA = 2d sin dll — (9) 

sin 2 # V ' 

Now the grating constant of a crystal whose structure is known 

can he calculated in terms of Avogadro’s constant. Thus, for a 
simple cube crystal : 

d = (10) 

where IT is the molecular weight of the substance. A 7 , the number 
of molecules jkt gram-molecule, and p, the crystal density. 
Tiie chief uncertainty in the expression for the grating space 
would seem to be that due to the uncertainty in Avogadro’s 
number. This is estimated by Millikan to about 1 part in 1,000, 

* Proc. Roy. Soc., 89, 248 (1913). 
t Les Rayons X. 
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which means an uncertainty in the value of d, and hence also in 
the value of the wave-length, A, of 1 in 3,000. 

The determination of the structure of rock-salt was the starting 
point of all measurements of wave-lengths and spacings. Rock- 
salt, however, is not well suited for very accurate comparisons. 
The crystal is generally ill-made, consisting of a mass of smaller 
crystals, imperfectly aligned with each other. Calcite is much 
better formed, and is now in general use as the standard of 
measurement. 

When measuring the wave-length of soft X-rays, or those of 
long wave-length, crystals of large interatomic spacings must be 
used, and owing to the absorption of these rays, which are generally 
of weak intensity, it is necessary to employ a vacuum spectrograph. 
Among the earlier known crystals, gypsum, mica and sugar are 
the only ones that can be used for reflecting the long wave-lengths, 
and the upper limit that can be measured with these is A. IS A. 
There are, however, many organic compounds suitable for thU 
purpose. Especially lauric acid and palmitic acid have proved 
to be useful. Their reflecting power is good, and their melting- 
points so high that they do not appreciably evaporate in vacuum. 
In practice, the acid is allowed to solidify upon a plate and 
the molecules, as the X-ray analysis shows, gather themselves 
together in an ordered fashion, forming thin sheets, in which 
the molecules lie side by side and transversely to the sheets. A 
plate carrying a thin layer of the substance is mounted on the 
X-ray camera, so that the plane surface contains the axis of 
rotation, and the plate is oscillated through a few degrees about 
the position of reflection. The incident monochromatic rays are 
defined by slits which are parallel to the axis of the instrument, 
and the crystal in this case is to be considered as consisting of a 
number of mono-molecular layers, in each of which the molecules 
are parallel to each other and transverse to the layer. 

The high-vacuum spectrograph, as used by Thoraeus and 
Siegbahn,* was in direct communication with a Coolidge tube, 
and a crystal of palmitic acid was employed. Thoraeus | con- 

* Ark.f. Mat. Astron. och Fysik ., Stockholm , 19, 12 (1925). 

t Phil. Mag., 1, 312 (1926) ; 2, 1007 (1926). 
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tinned this work, and Dauvillier * used a crystal of a fatty acid, e.g., 
melissie acid on lead. He traced the K a line of carbon in the third 
order spectrum, corresponding to A, 138 A. Other measurements 
have been made by Zumstein f and van der Tuuk. $ 

(b) Compton and Doan § secured X-ray spectra from a diffrac¬ 
tion grating ruled on speculum metal, the X-rays striking the 
reflecting surface at a sufficiently sharp glancing angle, within the 
critical angle for total reflection. Within this critical angle, which 
in their experiments, with wave-lengths smaller than 1*6 A., was 
less than 25' of are, the diffraction grating may be used in the 
same manner as in optical work. The wave-length is given by 
the usual formula : 

nA = d (sin i — sin r), 

where i is the angle of incidence, r, the angle of diffraction, n, the 
order, and d, the grating space. For small glancing angles, this 
may be more conveniently written as, 

nA — d (cos 9 — cos {9 -f- a}), 

in which 6 is the glancing angle and a , the angle between the zero 
and nth order of spectra. For the small angles employed, this 
equal ion approximates to 


n 

The principle involved in the method is illustrated in Fig. 27. 
If X-rays which have passed through slits, S 1? S 2 , fall on the 
surface of the grating, G, at a glancing angle, 9, wdiich is within 
the angle of total reflection for the radiation under consideration, 
the totally reflected X-rays will strike the plate, P, at R, and the 
radiation, diffracted by the grating, at a point S. D is the 
portion of the direct beam which is used as a reference line. The 
grating space was large, d — 2*000 X 10 —3 cm. 

Wadlund |j further extended the method. He found that wdth 

* Comptes Rendm, 182, 1083 (1926) ; 183, 193 (1926). 
f Rhys. Rev., 25, 747 (1925). 
j Zeits. f. Rhys., 41, 326 (1927). 

| Proc. Nat. Acad. Set., 11, 598 (1925). 

U Rhys. Rev., 32, 841 (1928). 
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small glancing angles it was necessary to expand equation (11) 
to a more accurate form so as to include fourth-degree terms, viz. : 
nA = d {ad + -Ja 2 — 4th degree terms). 

Thibaud * used glass-ruled gratings under very high glancing 
angle, nearly 90°, in a vacuum spectrograph. The grating 
constant in one case was d = 8,477 A. units, and the diffracting 
part of the grating surface was reduced to a width of 1 mm. 
by two collodion films deposited on the surface. The geometrical 
origin of the beam is therefore readily determined. All the 
linear and angular constants required for calculation are found 



Fig. 27.—Measurement of the wave-length of X-rays 
by means of a grating. 

by recording the same spectrum at two different positions of the 
plate, separated by a known distance. 

Thibaud noted that even lines of long wave-length remain 
tolerably narrow, and he attributes the widening of the lines 
when the wave-length increases, as noted by Thoraeus t and 
Dauvillier, J to the crystal grating they used ; in part, because 
on account of the high absorption coefficient, the number of 
reflecting planes effective in the diffraction is small, and in part 
because of the refraction effect. Ewald has computed that in a 
crystal of refractive index n the diffracted lines show an angular 


* Comptes Rendus, 182, 55 (1926) ; Joum. Opt. Soc. Amer 17, 145 (1928); 
Joum. de Rhys., 1, 37 (1930). 
f Loc. dt. 

J Joum . de Rhys., 8 t 1 (1927). 
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where S = (X — «). This would lead to a width of 7 A. for a 
line at A, 08 A. with a fatty acid grating ” of index S = 10~~ 2 . 
The predicted value agrees with the widening observed experi¬ 
mentally. 

The effect of the refractive index is thus a serious difficulty 
in the extension of crystal methods to the longer wave-lengths. 
Such diilieulties are obviated by the use of the ruled grating at 
glancing incidence. 

Hunt * * * § determined the K a line of C to be 46*0 A. by means of 
a vacuum X-ray spectrograph and Osgood, f using a two-metre 
concave glass grating with S00 lines per millimetre, noted a line, 
which he ascribes to iron, at A, 215 A. Bearden J employed the K 
lines of Cu with a glass grating of 600 lines per millimetre, and 
also with a glass and speculum-metal grating, each with 50 lines per 
millimetre. The values of the wave-lengths obtained were : 

K a = 1-5422 ± 0-0002 A. 

Kg = 1-3926 ± 0*0002 A. 

Cork § worked with plane-ruled gratings having 30,000 and 
14,000 lines per inch, respectively, photographing the L series lines 
of Mo. The wave-lengths for L a and Lg, as given by Siegbahn using 
a gypsum crystal, are 5*3943 A. and 5-1658 A., respective!y. If a 
ealcite crystal were employed, and approximate correction made 
for refraction, wave-lengths of 5-3960 A. and 5*1674 A. should 
result, whereas the average of the grating measurements in 
Cork's experiments gave A, 5*4116 A. and A, 5*1882 A. Cork 
suggests that the discrepancies are due to anomalous variation of 
the refractive index of the crystal. 

Howe has examined several lines in the L-series, and the K a 
line of carbon, the wave-length of the latter being 44*60 dr 0*04 A. 
Kellstrom has also measured the L-series lines of the elements 
Cu — Ca, referred to the K a line of Al, the wave-length of which 

* Phys. Rev., 30, 227 (1927). 

t Ibid 30, 567 (1927). 

t Proc . Nat. Acad. Sci ., 15, 528 (1929). 

§ Phys. Rev., 35, 1456 (1930). 

Ibid., 35, 717 (1930). 
f Zeits. f. Phys., 52, 795 (1929). 
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has been determined by crystal precision measurement. Soder- 
man,* using different gratings, has measured the K lines of Ah 
Mg, Xa, F, O, X, C, B and Be. His lowest recorded wave-length 
is that for the line of Al, viz., 7-952 A., and his greatest wave¬ 
length that of the K a line of Be, viz., 115*7 — 0*15 A. Other 
measurements include the K a line of B, 67*71 A., and the K a line 
of C, 44*54 A. 

(c) The photo-electric method of determining the wave-lengths 
of very long X-rays measures, by means of a retarding potential, 
the energies of photo-electrons ejected by soft X-rays, and 
translates the maximum energies into wave-lengths by means of 
the quantum relations. The results obtained by various experi¬ 
menters seem to be quite consistent for each worker, but vary 
somewhat from worker to worker. The method offers an indirect 
means of measuring the wave-length, and by means of it the trap 
separating the X-ray region and the ultra-violet region of the 
spectrum may be said to have been closed some years ago. But 
investigations of this type involve so many difficulties and 
uncertainties that the results obtained by them cannot be regarded 
as entirely conclusive. 

Richardson and Bazzoni | showed that it was possible to 
detect the excitation of characteristic soft X-rays, such as the K 
X-rays of carbon, by this photo-eleetrie method. The substance 
under investigation was bombarded with electrons in a highly- 
evacuated quartz bulb, and the radiation thus generated, after 
passing between two parallel plates of a vacuum condenser to 
filter out ions and electrons, was received on a metal plate from 
which the photo-electric emission could be measured. The photo¬ 
electric current increases with the thermionic electron current, and 
with the potential difference driving the latter. If the quotient 
of the photo-electric current and the thermionic current is plotted 
against this potential difference, the excitation of characteristic 
X-rays setting in at certain voltages could be detected from the 
existence of discontinuous changes of slope in the curves thus 
obtained. Similar observations were made almost simultaneously 

* Phil. Mag., 10, 600 (1930) ; Zeits.f. Phys ., 65, 656 (1930). 

f Ibid., 42, 1015 (1921). 
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by Hughes,* by means of the apparatus shown in Fig. 28. The 
radiation was produced by the impact of electrons from a hot 
tungsten filament, F, on a carbon, or boron, target, T. Part of 

the radiation fell on the 
silver plate Z, which 
emitted photo-electrons 
under the action of the 
radiation. The photo- 
electric current was 
measured by the rate of 
charging up of an elec¬ 
trometer. 

As the photo-electric 
current rarely exceeded 
10” 13 amp., and as the 
electron current from F 
to T w^as generally 
between 10“ 5 and 10 —3 
amp., it was necessary to 
ensure that the effect 
measured was really due 
to the photo - electric 
effect of the radiation, 
and not in some way to 
electrons, or positive 
ions, finding a path up¬ 
wards. To protect against 
this, fine gauzes were 
fitted into the apparatus, 
as shown. The field ac¬ 
celerating the electrons 
from F to T was pro¬ 
duced by keeping F at 



Fig. 28.—[Detection of soft X-rays. 


zero potential, while the potential of T was varied from + 5 
to -j- 500 volts. Thus, if the lower gauze, R, was maintained 
at a negative potential, no electrons could possibly pass 
* JPML Mag., 43, 145 (1922). 
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upwards from the neighbourhood of the hot cathode and target ; 
but, on the other hand, this arrangement would help positive 
ions, if any were produced, to pass through the gauze, R. 
To turn these back, the gauze, Q, was kept at a higher 
potential than any value of that applied to F. Hence the 
positive ions, if any came through R, would be turned back 
towards R. The only way then for the metal plate Z to 
acquire a positive charge would be for the few positive ions, 
turned back on R, to release electrons therefrom, and for these 
electrons, by virtue of R being 18 volts negative to Z. to travel to 
Z. This, however, would give Z a negative charge. A wide-mesh 
gauze, P, was introduced between Q and Z to increase the steadi¬ 
ness of the electrometer needle. The total photo-electrie current 
leaving the metal plate Z was measured as a function of the energy 
of the impinging electrons. A discontinuity in the slope of the 
curve was taken to indicate the excitation of the characteristic 
radiation. The wave-length of the radiation is connected with the 
energy of the electrons by the well-known quantum relation : 

he 

Ve = hv = -t-» 

A 

where V is the potential accelerating the electrons, e, the charge 
on the electron, h , Planck’s constant, v and A, the frequency and 
wave-length, respectively, of the radiation, and c, the velocity of 
light. When V is expressed in volts and A in A. units we have : 

12,331 
v = —- 

Curves representing the variations of photo-electrie current 
with accelerating potential, obtained by McLennan and Clarke * 
for boron and beryllium, are shown in Fig. 29. These, it will be 
seen, exhibit discontinuities at 148 volts, and at 78-0 and 89*0 volts, 
respectively. The discontinuities approximate to wave-lengths, 
83*6 A., and the range-—A, 157^6 A. to A, 118*2 A.—respectively. 

Many measurements have been made by different workers using 
the photo-electric emission method, and recently Richardson 


JProc. Roy. Soc., A , 102, 391 (1923). 
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and his co-workers * have examined the excitation of soft X-ravs 
from single crystal surfaces of graphite, aluminium, and nickel. 
The results obtained with these single crystals as against poly¬ 
crystalline surfaces indicate that the simpler the crystal structure 
of the surface the fewer the number of critical potentials. Thus 
in the ease of experiments on the (100) face of a single nickel 



Fig. 20.—Detection of critical potentials of soft X-rays. 

crystal, in the range 1 to 30 volts, only two discontinuities were 
observed, indicating that the more numerous breaks obtained 
with the polvcrystalline surface are due to reflection, or diffraction, 
from the various crystal faces of different orientations. The 
critical potentials may be arranged in groups having the same type 
of numerical relationships as the frequencies of lines in a set of 
bands. 

(d) Another method of determining the wave-lengths of X-rays 


* Proc. Roy. Soc 128, 1 
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lias been introduced into X-ray spectroscopy by Ham. 51 ' The 
material to be investigated is made the target of a water-cooled 
Coolidge X-ray tube, and the heat generated at the target is 
compared with the electrical energy imput into the tube, for 
various retarding potentials between the anode and the glass 
walls of the tube. This makes it possible to plot, for any tube 
voltage, the ratio of the number of incident electrons from the 
cathode stream to the number of secondary electrons, emitted 
from the target, as a function of the velocities of the secondary 
electrons. This ratio suddenly increases when the tube potential 
is made to exceed one of the critical potentials of the anode 
material. In this way a flow-calorimeter is made to act as a 
spectrometer, in which wave-lengths arc given from absolute 
energy measurements by means of the quantum relation. 

21. Determination of the Values of Physical Constants. The 
discovery that X-rays may be diffracted by crystals was one of 
the utmost significance. Not only did this discovery show the 
identical character of X-rays and light, which had previously 
been questioned, but it also afforded a means which has made it 
possible to examine the interior structure of matter with a 
remarkable definiteness. By the help of this discovery \V. H. 
and W. L. Bragg "f analysed the atomic structure of crystals. 
Moseley % studied the spectra of X-rays, finding from the beaut iful 
regularity of the changes in the spectra, as we pass from one 
element to the next, that each element has in its structure one 
more electron than that of the element next lighter. The measure¬ 
ment of X-ray wave-lengths has supplied us with what is perhaps 
our most precise method of determining Planck's constant It. 
which plays so important a part in the photo-electric effect, and 
is fundamental in the quantum theory. In fact, it is difficult to 
find an aspect of atomic, or molecular, structure which has not 
been affected by the consequences of Laue ? s discovery of the 
diffraction of X-rays. 

Closely associated with the measurement of the wave-length of 

* Bull. Amer. Phys. Soc ., 2, 12 (1927). 

t See “ X-rays and Crystal Structure. 1 ” 

$ Phil. Mag., 27, 703 (1914). 
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X-rays, and the analysis of the structure of crystals, is the counting 
of the number of molecules in a cubic centimetre of the crystal. 
Such a measurement affords us, likewise, a knowledge of 
Avogadro's number and the electrical charge on the electron. One 
finds values for these constants which differ by a surprisingly large 
amount from the accepted values. 

Using the value of the wave-length of the copper line, as 
found by Bearden, the grating space d of a calcite crystal can be 
obtained from equation (9). Siegbahn and Dolejsek * found for 6 
in this case a value 12° 15' 28-2” for n = 1 with the crystal at 
18° C., whence sin 6 — 0*229334. ComjDton f calculated the value 
of (1 — n) sin 2 6 for calcite (100) planes and from these results ; 
d (calcite) = 3*0366 ± 0-0004 A. (18° C.). 
d .(calcite) = 3-0367 ± 0-0004 A. (20° C.). 

From a relation similar to equation (10) we find for Avogadro’s 
number: 

n M 1 

p<f> dN 

where for calcite n = 4, 

p ~ 2-7102 dz 0-0004 gm. per c.c.,J 
M = 100*078 ± 0*006, § 

4> = 1-09630 ± 0-00007,|| 
d = 3*0367 ± 0-0004 X 10“ 8 cm. 

Thus N = 6*0142 -J- 0-0026 X 10 23 molecules per gram- 
molecule. 

Knowing Avogadro’s constant, the electronic charge, e, is given 
in terms of Faraday’s constant of electrolysis (the faraday) F, 


fKow F = 9648*9 i 0*7 electromagnetic units, and c, the velocity 
of light — 2*99796 x 10 10 cm. per sec. so that, 

e — 4*810 dz 0-002 x 10“ 10 electrostatic units. 

• ZeUs.f. Phys., 10, 160 (1922). 

t 44 X-rays and Electrons,” p. 212 (1926). 

t See Defoe and Compton, Phys. Rev., 25, 618 (1925). 

S See Birge, Phys. Rev. Supp 1, (1929). 

1 See Beetr, Phys. Rev., 25, 621 (1925). 
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The most direct method of obtaining a value of Planck’s constant 
k , on the basis of this work is through the measurements of the 
limit of X-ray spectra by Duane, and his collaborators. Writing 
the Duane-Hunt * law' in the form : 


where V is the potential applied to the X-ray tube, and A, the 
minimum wave-length of the emitted X-rays, and expressing A by 
means of equation (9), remembering that for this experiment n = 1, 
w'e have : 

2 

h = — Ved sin 9 (X — b), 

where b = (1 — n)j sin 2 9 = 1-46 x 10~ 4 . 

The experiments of Duane, Palmer and Chi-Sun-Yeh + give 
directly the value of V sin 6 — 2039*9 ± 0*9 volts. Using the 
values of e and d obtained above, we thus get : 

h = 6*629 dr 0*004 X 10~ 27 erg. sec. 

If we v r rite Bohr’s expression for the Rydberg constant, R, in 
the form : 


R = 

w r e may solve for — . Using the value, R = 3*28988 X 10 15 t we 
m 

thus find : 

— = 1*769 ; 0-003 X 10 7 electromagnetic units per gm. 

A comparison of the values, thus obtained, with the accepted 
values found by other methods, and summarised by Birge, § is 
shown on p. 208. 

The most significant differences are in the values of e and of e/m, 
since these quantities are subjected to independent experimental 

* j Phys. Rev,, 6, 166 (1917). 
f Jo urn. Opt. Soc . Amer 5, 376 (1921). 
t JProc. Roy . Soc., A , 122, 358 (1929). 

§ Loc. cit. 
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r.s! fr- -T!'. 

*:■ .k: - \ nlu.- 

for a . 

Accepted Value. 

Percentage 

Ditferenee. 

d (calcite! . 

3-0367 A° 

3*0283 A 

0*3 

.V . 

6*014 X 10 23 

6-064 X 10 23 

0*8 

e 

4*810 X 10" 10 

4-770 X 10~ 10 

0*8 

h . 

6-629 X 10~ 27 

6*547 X 10- 27 

1*2 

e m . 

1*769 X10 7 

1 1-769 x 10 7 (deflection) 

0 

11*761 x 10 7 (spectrum) 

0-5 


measurement. It is interesting to note that if one uses these new 
values of e and h , better agreement is found with Eddington’s 
recent speculation * regarding Sommerfeld’s constant a. He 
has brought forward reasons for believing that 1/a should be 136 
where a = 2~e 2 he. Using the accepted values of e, h and c, 
1 a = 137-2. The values above give 1/a = 136*45 0-15. It is 

difficult to find the sources of error. The correction introduced 
for refraction lias been verified by several workers. Avogadro’s 
number involves no additional uncertainty, except that of crystal 
density. The existence of crystal faults is well known, and Joffe’j- 
and Zwicky. J among others, have emphasised the existence of 
resulting gaps in crystal lattices. From this it follows that minute 
crystal elements should have a higher density than the large-scale 
crystals. Such a difference is in the wrong direction to account 
for the difference between w4 crystal ” and 44 ruled grating ” wave¬ 
lengths. The difference is nearly the same whether a compara¬ 
tively perfect crystal, such as calcite is used, or whether one 
employs the relatively imperfect crystal, rock-salt. 

This directly conflicting experimental evidence regarding these 
fundamental constants is not a new probelm. Thus, for example, 

there is the outstanding difference in the value of —, determined 

m 

by deflection experiments, as compared with that resulting from 
sped roseopic obser vat ions. 

* jPiv*\ Roy. Soc., A, 126, 696 (1930) ; Cambridge, Phil. Sor. Proc 27, 15 

1931 ). 

Zeits.f. Pkys., 62 , 730 ( 1930 ). 

-V at. . lead. Sri. Proc., 15, 253 (1929). 
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22. The Refraction, of X-rays. According to Bragg's law for the 
reflection of X-rays from crystal planes, 

A sin 6 
2d n 


should be a constant for all orders of reflection, but refinements in 
the measurement of the wave-length soon showed that this ratio 
was not quite constant. The departure from constancy was 
attributed by Stenstrom * to a slight refraction of the rays on 
entering and leaving the crystal surface. Darwin t had previously 
predicted the probable existence of such deviations from theoretical 
considerations. In his treatment of the general problem of 
reflection he assumed the X-ray phenomena to constitute a 
branch of optics, and proceeded to build up an expression for the 
intensity of reflection on the basis of the electromagnetic theory. 
He recognised, however, that the part played by the emission of 
high-speed electrons in the absorption of X-rays presents an 
important difficulty to his method. A second assumption, 
apparently necessary, is that the amplitude of the wave passing 
through matter diminishes exponentially, with an absorption 
coefficient equal to half that found for the intensity. In this 
connection Darwin pointed out that although the absorption of a 
homogeneous beam is believed to be exponential, the process is 
probably a statistical one. In some respects, therefore, the second 
assumption is less satisfactory than the first. But his result, rela¬ 
tive to the failure of Bragg’s law, has now been verified. As a 
corollary to his theory of reflection, Darwin found the relation : 


6 — 6q — — 8 cosec 6 sec d , 

where 6 is the grazing angle of incidence, 8 0 . the angle of reflec¬ 
tion (experimental) and 8=1— n, n being the refractive index 
of the substance. Hence the corrected form of Bragg's law is. as 
stated previously, 

8 1 

n X — 2d sin 8] 1 — . ■ — [. 


* 44 Dissertation,” 1919. 
t Phil. Mag., 27,320 (1914). 
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Now if the rays make an angle 6 1 with the surface at entrance 
and 0 Q after entrance, then since the molecular planes are supposed 
parallel to the surface, the refraction is given by : 

cos 6 1 
n = n - 
cos & Q 

The true wave-length is represented by nA = 2d sin 0 O , while 6 1 is 
the angle actually measured. The departure of n from unity 


is 8, where 8 = l — n = 1 — ~ s ^ ‘ For spectral orders m 
and n this may be written * : 


/sin 0 m \ 2 

/sin 0 n \ 2 

V rn ) 

\ n ) 

/_ n \ o 

/_ n s. o 


. . ( 12 ) 


The actual values of the wave-length as determined by 
Stenstrom by means of a photographic method, for various orders, 
were qualitative in that they showed a progressive change with 
order. Stenstrom's interpretation of his results was criticised by 
Knipping f who claimed that the special arrangement of the atoms 
of the crystals can be adjusted to explain such differences. Subse¬ 
quently, Duane and Patterson J and Siegbahn § observed the 
effect with X-rays of medium wave-length in the low T er orders. 
Hjalmar, || using a photographic method and various wave-lengths, 
investigated the reflection from crystalline surfaces up to the tenth 
order. Davis and Terrill,^ by means of the ionisation spectro¬ 
meter method, were not able to determine 8 within 100 per cent, 
of the correct value. This refractive effect is very small. For 
example, the bending of the molybdenum K a radiation entering 
a calcite crystal at the proper angle for reflection is about 3 seconds 
of arc, which is near the limit of measurement. This small refrac- 

* See Stenstrdm, loc . cit. 
t Zeits.f. Phys., 1, 40 (19120). 
t Phys. Rev. 16, 532 (1920). 

§ Comples Rendus , 174, 745 <1922). 

]! Zeits.f. Phys., 15, 63 (1923). 

1 Ptoc. Nat . Acad. Sci 8, 357 (1922). 
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tive bending can be greatly increased by cutting the surface of the 
crystal at an angle <f> to the reflecting planes.* The crystal is so 
cut that, as the ray enters the crystal at the proper angle for 
reflection from the planes, it makes a very small angle with the 
surface (see Fig. 30). The bending at the surface is greatly 
inereased by this device. 

For the purpose of accurate measurement of the wave-length the 
crystal is turned through an angle p = (180° — 2d) where d is the 
glancing angle. The experiments were first performed with the 
natural (100) face of a very perfect crystal of pyrites. The crystal 



Fig. 30.—Refraction of X-rays. 


was ground and polished, so that the surface made an angle — 
6° 31' 57-5" with the reflecting planes. The position of the crystal 
and path of rays is shown in Fig. 30, (A). The crystal was then 
turned through an angle /? := (180 — 26) at 'which reflection was 
then observed (position B). It can be shown that 9 may be 
expressed in terms of the first order readings by the equation : 

g _ (sin 9 — sin fl 0 ) (sin 2 # — sin 2 <£) ^ 

sin 9 cos 2 # 

where 0 = ^ (180° — j3 and # 0 is the true angle that the rays make 
with the crystal plane inside the crystal. 

The true value of 6 0 was found by approximations. The value 

* See Davis and Hatley, Phys. Rev., 23, 290 (1924 ); Davis and von 
Nardroff, Proc. Nat. Acad. Sci., 10, 60 (3924). 
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of S, obtained for the uncut crystal by means of equation (12), was 
used in the equation : 

cos 

il ~ cos (0 O — <f>) 

to obtain a tentative value of 0 Q . The latter was then used in 
equation (13), together with the measured values of 6 and <f >, to 



Fig. 31. —Refraction of X-rays by a prism, 
calculate an approximate value of 8 . The latter value of 8 was 
again used in equation (14) to calculate a more accurate value of 
# 0 . etc. 

Since X-rays are actually refracted, it should be possible, by 
sufficient refinement of apparatus, to measure the bending on 
passing through a prism, as in the case of light. This has been 
done by Larrson, Siegbahn and Waller.* The refractive effect was 

* Naturwiss., 52, 1212 (1924)* 



REFRACTION OF X-RAYS 


218 


made as large as possible by using a prism of very large angle. 
The beam of X-rays passed over and through the extreme obtuse 
point of the prism, and then fell upon a photographic* plate. One 
part of the beam was refracted and the other part totally 
reflected. The results obtained by this method confirm those by 
the cut crystal method, but are possibly not quite so accurate. 
The method is subject to the limitation that the refracting edge 
must be ground with great accuracy. 

A method of measuring the minute bending of X-rays has also 
been devised by Davis and Slack,* using a special type of X-ray 
spectrometer. Two crystals are arranged as shown in Fig. 31. 
The narrow beam, I, of incident X-rays is reflected from the crystal 
(calcite) A, through a limiting slit, S, to a crystal (caicite) B. and 
from B to an ionisation chamber. The crystal B is mounted in 
such a way that it can be turned through any small angle, as 
desired. The beam reflected into the ionisation chamber is den* >ted 
by a. If, now, crystal B is rocked through a very small angle each 
side of its maximum reflection position, very sharp curves are 
obtained which are known as “ rocking curves.’* These curves are 
very narrow and one such curve is shown by the full line of 
Fig. 32. The prism P, in which the refraction is to he measured, 
is mounted on a carriage, so that it may be run in and out of the 
path of the X-ray beam. When the prism is in the path of the 
beam, the ray is refracted through an angle d. Crystal B is now 
rotated to reflect this refracted beam, and a new rocking curv e *' 
is obtained, as shown in the dotted curve. The angular distance 
between the peaks of the two~ curves is equal to the angle of 
refraction. 

Another interesting prism method of measuring n has been 
devised by Stauss.f His experimental arrangement is shown in 
Fig. 33. Radiation from the slit, S, fell upon the prism P, which 
had its refracting edge, A, over the centre of rotation of a spectro¬ 
meter. Slightly to the front and to the side of the prism was a 
lead block, B, which together with the prism acted as a kind of slit. 
The primary beam was defined by A and B and refraction occurred 

ys. Rev.,2,7 ,18 (1926). 

Ibid., 36, 1101 (1930). 
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in the neighbourhood of A. . After the primary and refracted 
beams were registered on the photographic plate, M, the prism 
was rotated through a small angle, <f>, to the position ( b ), and 



‘ X 1 1 — { *—_I_I_1_1_La 1.... 1_LJ 

0 2 4 6 8 JO tz 14- 16 IS ?a 

SECONDS OF ARC 

Fig. 32.—Refraction of X-rays by a prism (rocking curves). 

the beam was then totally reflected from the face AA' at the 
angle /?. 

The value of § is most readily calculated from n = 1 — 8 — 
cos p, where p is the internal glancing angle which the beam makes 
with the face AA', and & is the external angle. Assuming a single 
ray to be striking at A, and that the ray suffers no deviation at 
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the first face, p and 9 can Ije determined from <j> 9 ft and D, where 
D is the angle of deviation. Thus : 

= Q + or 9 = <£ — 

9 = D -f- p, or p = 6 — D. 

Substituting these values in the expression for n and solving for 5, 


The values of D and p need a slight correction, 1/8", on account of 



Fig. 33. —Total reflection of X-rays (Stauss). 


the deviation in passing through the first face. This is easily 
calculated. 

All the various dispersion theories, that have been developed for 
the X-ray region, agree in the limiting case when the frequency of 
the radiation is greatly different from the natural frequencies of 
the medium. They all lead to the formula : 


ne 2 

S =1 —n = 


where e is the charge on an electron, m, its mass, v, the radiation 
frequency, and n, the total number of electrons per cubic centi- 
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metre- Since 8 is essentially a positive quantity, n is less than 
unity, and hence it should be possible to secure total reflection of 
X-rays at sufficiently small grazing angles, i.e., within a limiting 
angle given by cos = n. Compton * calculated values of this 
critical angle, 0 e , for several substances and recently Kellermann f 
has also measured the refractive index of substances for X-rays, 
using a total reflection method. He employed a cylinder of the sub¬ 
stance, the axis of which was at right angles to the beam of rays. 
With a wave-length of 1*537 A. he obtained the following results : 


Material. 

1 Crown Glass. 

t 

Silver. 

Glycerine. 

CaClo Solution. 

B . 

1 , j 

12*6' 

25-5' 

9-5' 

10*4/ 

8 x 10 s 

6-7 

27*5 

3*8 

4*6 


Attempts to measure the refraction of X-rays near the absorp¬ 
tion limit are attended with great difficulties, but Larsson, 
Siegbahn and Waller J have determined the disperson of X-rays 
in ealeite and gypsum. Definite discontinuities were found both 
at the calcium A. 3*063 A., and at the sulphur. A, 5*023 A., critical 
absorption frequencies. The results show that the branches of 
the dispersion curves are rounded off, and do not approach infinity 
near the absorption bands. 

Recently the dispersion curves for platinum, calcite and glass 
have been determined by Dershem, § who found that S — 1 — n 
increases, approximately, with the square of the wave-length. This 
holds for regions not too close to critical absorption. It follows 
that 8 A 2 should be constant. Derhsem found that this was the 
case for platinum and calcite. Similar results have also been 
obtained by Forster, ij 

Quantum theories of X-ray dispersion have been proposed by 

* Phil. Mag., 45, 1121 (1923). 

f Ami. d. Phys., 4, 185 (1930). 

t Phys. Rev., 25, 235 (1925). 

§ Ibid., 33, 659 (1929). See also Dershem and Schein, ibid,, 37, 1246, 
(1931). 

si Heh\ Phys. Acta., 1, 18 (1928). 
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Wentzel,* * * § Kramers f and others. Kronig J has derived the 
expression : 

S — 1 — n — 

The summation is extended over r absorption bands, while the 
integration with respect to w is carried over each absorption band ; 
a r (tv) is the atomic absorption coefficient whose value is Cc 3 Z 4 zv 3 , 
where C is a constant, c , the velocity of light in vacuo , Z, the 
atomic number, v , the incident frequency, zv , tlie resonance 
frequency in the absorption band, and xV, the number of atoms 
per unit volume. Kronig § quotes experimental results which 
favour his theory rather than the usual Lorentzian theory. On 
the other hand, Doane || determined the refractive index of silver 
for the K al line of M o and concluded that his results support tlie 
Lorentz formula. 

Since n is less than unity, the apparent velocity of X-rays in 
media is greater than that of radiation in free space. This is an 
interesting case of the difference between phase velocity and 
group velocity. The apparent increase of velocity is to be expected 
in the case where the frequency of the radiation is greater than 
that of the majority of the electrons in the matter which the rays 
traverse. 

23. The Scattering of X-rays. Compton observed scattering 
phenomena with X-rays which could not be explained on the 
classical theory of scattering. He found that in addition to the 
scattered lines having the same wave-length as the primary rays, 
there were other lines displaced slightly towards the longer wave¬ 
lengths. This is known as the Compton effect . 

X-rays proceeded from a molybdenum target T, Fig. 34, in the 
X-ray tube to the carbon scatterer, R, and were thence scattered 
at 90° with respect to the primary beam through slits 1 and 2 to 

* Zeits.f. Phys. , 29, 306 (1924). 

f Nature , 114, 310 (1924). 

£ Journ. Opt. Soc., Amer., 12, 551 (1926). 

§ Loc. cit. 

li Phil . Mag., 4, 100 (1927). 

Tf Phys . Rev., 21, 483 (1923). 
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the crystal of a Bragg’s spectrometer, by means of which the wave¬ 
length of the X-rays that had been scattered through an angle of 
90° was measured. In Fig. 35 are shown the complete spectra of 
both the primary and the scattered beam. The broken line repre¬ 
sents the first and second order spectra of the direct rays, and the 
unbroken line the spectrum of scattered rays obtained under the 
same conditions. It is evident from the curves that the secondary 
X-rays do not possess a fixed wave-length, characteristic of the 
radiator, as do fluorescent rays, but that each line in the spectrum 



Fig. 34.—Scattering of X-rays. (Compton.) 


of the scattered radiation corresponds to a line in the primary 
beam. 

Compton suggested that an electron, if it scatters at all, scatters 
a complete quantum of incident radiation. If we consider the 
primary rays to proceed in quanta, so definitely directed that 
they can be scattered by individual electrons along with their 
energy hv 9 they will carry momentum hvjc. The scattered 
quantum, however, proceeding in a different direction from the 
primary, carries with it a different momentum. Thus, by the 
principle of conservation of momentum, the electron which 
scatters the ray must recoil with a momentum equal to the ve ctor ^ 
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difference between that of the primary and that of the scattered 
quanta. But this energy of the recoiling electron is taken from that 
of the primary quantum, leaving a scattered quantum which has 
less energy, and hence a lower frequency than has the primary. 



GLANC/NG SINGLE FROM CMLC/TE 
Fig. 35.—Spectra of primary and scattered X-rays. 


From the conservation of momentum and energy principles 
Compton deduced the formula : 


1 

v 


1 

V 


2 h 
m 0 c 2 



or, in terms of wave-lengths : 


A' 


— A +-sin 2 

m 0 c 


6 

~2 


(15) 


where A' is the wave-length of the scattered radiation, A, that of the 
primary, m 0 , the mass of the electron moving with a velocity very 
small compared with that of light, c, and 9 is the angle of scattering. 
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Thus A'>A, the increase ranging from a few per cent, for X-rays 
of medium wave-length to more than 200 per cent, in the case of 
| y rays scattered backwards (6 — tt). The increase of wave-length 
of the scattered radiation is independent of the wave-length of 
the primary. Compton found that in the ease of the K-rays from 
molybdenum, scattered by graphite, the wave-length of the 
unmodified K a line was 0-708 A., while the wave-length of the 
scattered rav was equal to 0-730 A., i.e., A' — A = 0-022 A. 
According to the theory it should be 0-024 A. Experiments by 
many workers * have confirmed both Compton’s theory and 
equation (15). 

The velocity of recoil of the electron is pc where 


P=- 

a being equal to h 


2a sin — / 1 -f- (2a -f- a 2 ) sin 2 6l2 

2y 

1 -j- 2(a -f- a 2 ) sin 2 6i 2 


(16) 


Wilson t and Bothe J independently discovered, with the aid of 
Wilson’s cloud apparatus, the recoil electrons, their presence being 
indicated by very short tracks within the primary beam. With 
hard X-rays these short tracks increase in length, and develop tails 
on the side of the incident X-rays, and for this reason Wilson has 
called them fish tracks. Wilson and Bothe both conclude that the 
direction and range of these fish tracks are in agreement with the 
view that they are due to electrons which have recoiled from 
quanta, scattered by the electrons. 

From equations (15) and (16) Compton calculated that for inci¬ 
dent radiation of intensity 7 0 , the intensity, I(r } 6), of the radiation 
scattered in a direction 6 by A v electrons is, at a distance r, 
given by : 

j & j A e 4 1 + cos 2 6 + 2a (1 + a) (1 - cos 6) 2 
r ’ 0 2r 2 m-A * [1 -j- a (1 — cos 0)] 5 

* See Kallmann and Mark, Saturzviss 13, 297 (1925) ; Sharp, Rev., 

26, 691 (1925) ; Gingrich, ibid., 36, 1050 (1930). 

f Proc. Roy. Soc ., A, 104, 1 (1923). 

t Zeits.f. Phtfg., 16, 319 (1923). 
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Other formulae have been proposed by Debye,* Jauncey.t 
\Yoo,J Breit,§ Dirac j! and Klein and Nishina.* - Dirac calculated 
the magnitude of the Compton effect with the aid of the new 
quantum mechanics. He finds that for plane-polarised incident 
radiation of intensity / 0 , the scattered radiation at a distance, r, 
in a direction whose polar angles are 6, <f >, is : 


where 9 is the angle of scattering and <f>, the angle between the 
direction of the scattered radiation and the direction of the 
electric vector of the incident radiation. 

For unpolarised incident radiation Dirac deduces : 

{1 + a (1 — cos 9); 3 * ' 

The full curve of Fig. 36 shows the variation with 6 of the 
intensity of the scattered radiation according to Dirac's formula 
(18) for unpolarised incident radiation of wave-length 0-022 A.. 
a = 1*2. The lower broken curve gives the results of Compton's 
light quantum theory and represents his formula (IT), the crosses 
indicating his experimental values. The upper dotted curve is 
deduced from the classical theory which expresses /(>, (?) as : 

A T e 4 

■*0X7 o7-:«-1 (1 + cos 2 0) 

The photon, or corpuscular, theory predicts quantitatively, and 
in detail, the change of wave-length of the scattered X-rays and 
the characteristics of the recoil electrons, but the classical theory is 
altogether helpless to deal with these phenomena. The unmodi¬ 
fied line is probably due to X-rays, which are scattered by elec¬ 
trons, so firmly held within the atom, that they are not ejected by 
the impulse from the deflected photons. 

From the Compton effect, therefore, we conclude that radiation 

* Phys. Zeits., 24, 161 (1923). 

t Phys. Rev., 25, 723 (1925); 37, 1193 (1931). 

% Ibid., 25, 444 (1925). 

§ Ibid., 27, 362 (1926). 

|| Proc. Roy. Soc., A , 111, 405 (1926). 

H Nature , 122, 399 (1928). 
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consists of directed quanta of energy, i.e., photons, and that energy 
and momentum are conserved when these photons interact with 
electrons and atoms. This does not mean that there is no truth 
in the concept of waves of radiation, but whether the waves serve 
to guide the photons, or whether there is some other relation 
between photons and waves, is another and difficult question. 



Fig. 36.—The intensity of scattered X-ray radiation. 

24. X-ray Diffraction in Liquids. Debye and Scherrer * found 
that when X-rays were passed through certain liquids, a diffrac¬ 
tion halo was produced. Other workers *f discovered that in some 
cases a second halo was present besides the chief halo, or ring, 
characteristic of the molecules of the scattering substance. For 

* Xackr. Gesell. Wise, Gottingen, 6 (1916). 

t See Keesom and Smedt, Proc, Roy . Soc. Amsterdam, 25, 118 (1922) ; 26, 
12(1923) v 
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example, Tonaka and Tsuji * noted that dilute aqueous solutions 
give a pattern consisting of an outer ring due to water, and a 
corona round the central spot. With increasing concent rat ion, 
the intensity of the corona gradually increases, and finally de¬ 
velops into a halo. Good f observed two maxima with water. 
This result he explains by supposing that there are temporary 
associations of water molecules to form rudimentary ice crystals, 
which therefore have a grating constant. The water thus consists 
at any moment of ice-crystals, together with randomly-orientated 
water molecules. 

Stewart and his co-workers $ have reported the diffraction 
effects in many organic liquids. 

Raman and Ramanathan,§ Debye,;: Zernieke and Prins * have 
suggested theories to explain the phenomena. In general we may 
say that the form of the X-ray liquid diffraction pattern is inter¬ 
preted as being primarily due to the arrangement of the molecules 
in the liquid, the arrangement of the atoms in the molecule and the 
electrons in the atom producing secondary effects. 

Stewart and his school ** suggest that every liquid contains a 
myriad of small groupings of molecules, produced by forces acting 
between them, the groups being neither perfect in form nor 
permanent. The ■word cybotapis , which means literally space 
arrangement,” has been adopted to designate this condition in a 
liquid. A crystal is approximately perfect only in fragments, hut 
a liquid goes to a much greater extreme, for its semi-perfect small 
groups do not even retain their identity. The theory of diffraction 
in such a physical structure cannot be exactly that of crystal 
powders, or of unorganised molecules. But the crystal powder 
theory may be accepted as applicable to an idealised condition to 
which the liquid state only approximates at any instant. In such 
a theory Bragg’s law holds for the intense first order diffraction 
band, provided the beam is monochromatic. The conception of 

* Kyoto Coll . Sci. Mem., 13, 27 (1930). 
t Helv. Phys. Acta., 3, 205 (1930). 

t Phys. Rev., 30, 232 (1927) ; 31,1,10, 174 (1928) ; 32, 153 (1928). 

§ Proc . Ind. Assoc. Culv. Sci., 8, 127 (1923). 

|i Joum. Math. Phys., 4, 133, (1925). 
f Zeits. /. Phys. 41, 184, (1927). 

** Loc . cit . 
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molecular non-crystalline groupings in a liquid explains all the 
phenomena associated with the diffraction of X-rays in liquids. M* 

25, Gamma-rays. Gamma (y) rays are intermediate in wave¬ 
length between X-rays and cosmic rays. They were first investi¬ 
gated by Rutherford and Andrade * by means of the crystal 
method, which is somewhat similar to that used in the investiga¬ 
tion of the wave-length of X-rays. 

Thibaud f studied the various frequencies of a complex y-radia- 
tion converting this radiation by means of photoelectric effects 
into 5-rav spectra, and measuring the energies of the various 
electronic streams emitted. He also employed the rotating crystal 
method and photographic registration, but as the wave-length of 
the y rays is very small, the grazing angle for selective reflection 
is not greater than a fraction of a degree. A fine beam of y-rays 
impinged on a crystal of rock-salt, carried on a gonometer and 
rotating with angular velocity of less than 1° in twenty-four hours. 
The dispersion was fairly large, as the distance from the crystal 
to plate was 45 to 65 cm., and the exposure required was 40 
to 200 hours. The sources of y-radiation employed were 40 mg. 
of radium bromide in equilibrium, a preparation of mesothorium 
with a total activity equivalent to that of 15 mg. of radium 
bromide, and also 49 millicuries of radiothorium. The y-rays gavs 
fine line-spectra without any appearance of continuous bands, and 
the following wave-lengths were observed using the tube of 
radiothorium: 


! 

Nof. 

. 1 
X in A. 

Energy (volts).$ 

Origin. 

1 

0*168 

73,500 

Rd Th 

2 

0-145 

85,000 

3 3 

3 

0*062 

198,600 

Th B 

4 

S 0*052 

236,000 

99 


* Phil. Mas-, 28, 262 (1914). 

f Camples Rendu*, 180, 138 (1925) ; Ann. de Physique , 5, 73 (1926). 
t Calculated from the formula Ve = hv 9 where V is the potential difference 
through which the electronic charge e falls. Jf V is expressed in volts this 
gives, 

3 X 10™ X 6*55 X 10-* 7 
| V x 1*59 x 10- 1S ~~ ' 
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Frilley * has recently made great progress in detecting y-radia- 
tions of high frequency with the aid of the revolving crystal method, 
the crystal heing of rock-salt. Radon was used as a source, and 
lines due to y-rays from Ra B and Ra C, lying between 35 and 
2 84 , X.U., were photographed (1 X.U. = lO" 11 cm.). In later work 
he was able to measure a y-ray of 7-7 x 10 3 volts energy, i.e., a 
wave-length of about 16 X.U. This radiation lias a glancing angle 
of less than 10 minutes and is relatively feebly scattered by the 
crystal. 

The apparatus consisted of three carriages mounted on a rigid 
steel bench, 1*50 metres long, holding the source, crystal and plate, 
respectively. In front of the source was arranged a lead slit, and 
the carrier for the rock-salt crystal was capable of adjustments in 
all directions. Two photographic plates were used, placed face to 
face with an intensifying screen of calcium tungstate between t hem, 
and they were protected from stray radiations by screens of lead. 
The crystal was rotated slowly during the exposure, following the 
usual technique, and while the strongest lines could be obtained 
with 100 mg. and a rotation of 2° in twenty-four to forty-eight 
hours, the weaker lines required 200 to 300 mg. with a rotation of 
only 30' in, twenty-four hours. 

Comparison of the results obtained by Thibaud and by Frilley 
lead to a most important and convincing proof of the validity of 
the Einstein photo-electric equation for these high frequencies. 

The character of the y-ray emission from a radio-active body has 
also been investigated by the absorption method. The source is 
placed close to an electroscope and the change in the ionisation 
current, when different thicknesses of lead or aluminium are 
interposed, is observed. It is generally found that after the 
absorbing medium has reached a certain thickness, the curve 
becomes approximately exponential. This part of the curve is 
extrapolated back to zero thickness, according to the same law, and 
is subtracted from the original readings. The new absorption 
curve for the softer fraction of the radiation is then treated 
in the same way. In this manner it is possible to analyse 

* Comptes JRendus, 186, 137, 425 1614 (1928) ; Ann . de Physique, 11, 483 
(1929). 
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the experimental curve into a series of exponentials whose 
individual coefficients then serve to describe the original com¬ 
plex radiation. 

Gray * showed that when homogeneous y-rays are scattered, 
there is a change of quality, i.e wave-length, and the change of 
wave-length is more pronounced, the greater the angle of scatter¬ 
ing. This is an example of the Compton effect f. 

Scattering of y-rays with change in wave-length is also 
shown by Skobelzyn’s experiments .% He passed the y-rays of 
radium C through an expansion chamber and obtained tracks of 
high-speed electrons, which are associated with the scattering. 
Hoffmann § attempted to determine the change of wave-length 
directly by observing the absorbability of the y-rays from radium 
(B -f C), filtered through 1 cm. of lead, after scattering from 
carbon at various angles. 

Many attempts have been made to deduce a theoretical formula 
for the intensity of scattering. Of these formulae the most fre¬ 
quently used are those of Compton, Dirac and of Klein and 
XishinaJ] They agree in postulating that all the electrons in an 
atom scatter equally and independently, so that it is sufficient 
to give a scattering coefficient per electron. The Klein-Nishina 
formula is to be preferred on theoretical grounds. «[f 

26. Cosmic Rays. In recent years there has been a rapid 
growth in our knowledge of new types of electromagnetic radiations 
of very short wave-lengths, which are able to penetrate great 
thicknesses of matter, before they are absorbed. This type of 
ultra-penetrating radiation, known as cosmic rays , has about 100 
times the penetrating power of y-rays, and the frequency of these 
cosmic rays is from 100 to 1,000 million times greater than that of 
visible light. 

For many years it has been known that there is always a small 
amount of residual ionisation in an electroscope, due to some highly 

* Phil. Mag., 26, €11 (1913). 

f See Section 23. 

t Zeits. /. Phys., 43, 334 (1927) ; 58, 595 (1929). 

$ Ibid., 36, 251 (1926). 

See Section 23. 

** For the various methods used in measuring the scattering see “ Radiations 
from Radioactive Substances,” Rutherford, Chadwick and Ellis. 
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penetrating rays, which can pass through metal wails, 1 cm. 
thick, and ionise the gas inside. 

In making a measurement of the penetrating radiation an 
electroscope is charged to a known potential, and the drop in 
potential of the insulated fibre during a given time interval is noted. 
From these data, and the known capacity of the fibres, together 
with the volume of the enclosed air in the electroscope and the 
charge on an electron, the rate of production of ions per unit 



DEPTH BEDOH TOP OF ATMOSPHERE /H METRES OP hXTSR 

Fig. 37.—Depth-ionisation curve for cosmic rays. 


volume can be calculated. The ionisation is measured at the 
surface of a snow-fed lake, situated at a considerable altitude, and 
by sinking the electroscope in the lake, the absorption of the 
radiations in water is determined. A snow-fed lake is chosen 
because the water is free from contamination by radioactive 
substances. In practice, the electroscope, filled with gas at 
a high pressure, is left in the water for about twelve hours. 
It is then brought quickly to the surface, and read. A small 
correction is applied for the discharge during lowering and 

S—2 
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raising, but these corrections are small and quite accurately 
obtainable. 

Millikan and his co-workers,* the pioneers in this type of research, 
first measured the absorption of the rays in Lake Muir, and proved 
that the origin of the rays is outside the atmosphere. 

More recently, Millikan and Cameron f have published the 
results of further observations with a more sensitive type of 
electroscope. Their results are shown in Fig. 37 ; Gem Lake being 
at an altitude of 9,120 feet, the readings extend from a level 
equivalent to 8*25 metres of water beneath the top of the atmo¬ 
sphere down to a level of 80 metres beneath the upper limit 
of the atmosphere. The observed rate of discharge of the electro¬ 
scope changed by more than thirty-fold, namely, from a value 
represented by an intensity of ionisation within the electroscope 
of 64*1 ions per c.c. per second dowm to 2 ions per c.c. per second. 

The absorption coefficients, as computed at successive points 
along this curve, are shown in the following table : 


Depth in Metres of 
Water beneath Top 
of Atmosphere. 

Absorption 
Coefficient, 
a. 

Depth in Metres of 
Water beneath top 
of Atmosphere. 

Absorption 

Co-efficient, 

<r. 

8-25- 9*5 

0*27 

20-80 

0*045 

9*5 -10*5 

1 0 16 

80-40 

0*088 

10-5 -11*5 

i 0*11 

40-50 : 

0*028 

11*5 -12*5 

0*095 

50-60 

0-028 

12*5-15-0 

0*067 

60-80 

0*028 

15-0-20*0 

1 0*058 

1 




At great depths, i.e., between 40 and 80 metres, the readings are 
so consistent as to show that even a blanket of 80 metres of 
water is insufficient completely to absorb the cosmic rays. The 
curve has here reached a value of 2 ions per cubic centimetre per 
second, but is still falling. In order to find the zero of the 
instrument, or the ionisation when all external rays have become 
absorbed, and at the same time the absorption coefficient of these 

kys. Rev., 27, 353, 645 (1926). 
f Ibid., 37, 235 (1931). 



COSMIC RAYS 


229 


hardest rays, the curve was analysed by trial and error method, 
and it was found that a single coefficient of absorption was ade¬ 
quate to explain the curve over the whole range between 40 and 
80 metres, the value of the absorption coefficient being 0*028. The 
existence of such a coefficient means that a hundred metres 
farther down, i.e., at 180 metres, an ionisation of about 0*03 ions 
per cubic centimetre per second should be observable by an 
instrument capable of detecting such an amount. 

Regener * has reported water observations made in Lake 
Constance. His ionisation chamber was a steel bomb holding 
39 litres of C0 2 gas at a pressure of 30 atmospheres. A central 
electrode was connected to an electrometer, which was initially 
charged to 600 volts. Every hour the fibre of the instrument was 
photographed in the position to which it had drifted owing to the 
loss of voltage, due to ionisation. By zinc plating the inside of 
the bomb, and by carefully purifying and drying the contained gas, 
there was scarcely any trace left of ionisation due to the material 
of the apparatus itself. With the apparatus 32-4 metres below 
the surface the recorded positions of the fibre were about five 
times as far apart as at a depth of 230*8 metres. This means that 
the loss of voltage in the first case was about five times as great 
in an hour as in the second case. The losses are given as 4*33 and 
0*83 volts, respectively. In the following table the loss in volts 
per hour is shown, after deduction of the loss caused by the 
apparatus itself. At the surface of the water the hourly loss was 
about 40 volts. 

Depth in metres. 32*4 78*6 105-2 153*5 173-6 186-3 230*8 

Volts per hour . 3-55 0-87 0*53 0-22 0 15 j 0*106 0*051 

It is to be noted that the decrease of ionisation continues to a 
depth of 230 metres. Utilising the absorption coefficient, deduced 
from the above results, the wave-length of the hardest, the 
shortest wave-length, component of the penetrating radiation was 
calculated to be from 4*6 X 10“ 13 to 0*6 x 10“ 13 cm., according to 
the formula used. 


Naturwiss.y 15,183 (1929). 
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While Lake Constance receives much water from glaciers, 
brought to it by the Rhine, it is by no means free from the suspicion 
of having in its basin radioactive matter. Accordingly, Regener* 
repeated his observations, taking special precautions to protect 
the ionisation chamber from possible variations of radioactivity 
with depth. The existence of a penetrating component of cosmic 
radiation, for which cr = 0-018 per metre of wmter, was verified. 
Observations were made at various depths dowm to 237 metres. 
Analysis of the absorption curve shows four components, the 
relative intensities on entering the atmosphere and the absorption 
coefficients (per metre of water) of which are, respectively, 0*81 
and 0-020, 6-4 and 0*073, and 16*35 and 0-21. The wave-length of 
the hardest rays, deduced from Klein and Nishina’s formula,^ is 
0-63 X 10 —13 cm., whilst the coalescence of a proton with an 
electron and the conversion of their energy into radiation would 
give rise to radiation corresponding to a wave-length of 1*313 x 
10~ * cm. 

From an analysis of the curve shown in Fig. 37, Millikan and 
Cameron have concluded that, to account for the peculiar bend 
in the curve between 10 and 12 metres, it is necessary to suppose 
that the cosmic rays consist of three bands of different wave-lengths 
having, approximately, the relative frequencies 1, 4, 8, and the 
shape at great depths requires the introduction of a fourth band. 
The coefficients of absorption of these four sets of waves are 0*80, 
0*20, 0*10 and 0-028, respectively. The sudden change in the 
value of cr, at about 11 metres, means that at this point a band of 
long wave-length, or of relatively large absorption coefficient, is 
disappearing, and one of much shorter wave-length remains to 
cause the bulk of the ionisation. The wave-lengths corresponding 
to these values of the absorption coefficients are 1*7 x 10~" 3 A., 
4*23 X 10~ 4 A., 2*11 x 10~ 4 A. and 5-92 X 10“ 5 A., respec¬ 
tively. 

Within the limits of observational uncertainty these rays show 
a uniformity of distribution, Le, y an independence of both latitude 
and of sidereal time. Both of these conclusions had been estab- 

* Phys. Zeits 31, 1018 (1930) ; Nature , 127, 233 (1931). 

t Nature, 122, 399 (1928). 
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1 ished by Millikan and Cameron,* but other workers . hiaimd 
different results. Recent work by Steinke t and Hess.; however, 
has confirmed the independence. 

Although, taking Millikans view, we have supposed that the 
cosmic rays are electromagnetic radiations, the fundamental 
possibility of electronic radiation has been pointed out bv nearly 
all the workers concerned. For example. SkobeIzvn'§ using 
Wilson’s cloud apparatus, has demonstrated the presence of elec¬ 
trons moving with high speed and not of radioactive origin. 
Wilson «[ has also pointed out that p particles of sufficient energy 
could produce most of the phenomena observed in connection 
with the penetrating radiation, and there may well exist conditions 
in thunderstorms, where p particles may acquire the necessary 
great energies of more than 10 9 volts. Buthe and Kolhorster ** 
found that the radiation is not equally distributed in all direction*, 
but is strongest in the vertical direction. They suggest that the 
rays are corpuscular in nature. Epstein ft has shown that in 
order to satisfy Millikan’s observation of the uniform intensity of 
the cosmic rays over the earth, they might be (a) electromagnetic 
rays of cosmic origin, ( b) corpuscular rays of higher energy than 
10 9 volts, at least 6 X 10 9 volts, of cosmic origin, (c) corpuscular 
rays of terrestrial origin. The third source of origin is doubtful 
as Hulburt JJ has shown that in this case the penetrating radiation 
would be most intense at low latitudes and feeble at high latitudes. 

Rossi’s results §§ have confirmed the existence of the penetrating 
corpuscular rays observed by Bothe and Ivolhorster, but Briiche 
has concluded that only rays whose mean velocity is very little 
less than the velocity of light can reach the mean latitudes of the 
earth. 

* JPhys. Rev., 31, 168 (1928). 
f Zeits.f. Rhys., 42, 570 (1927). 

% Wien. Rer. s 137, 327 (1928). 

§ Proc. Roy. Soc., A, 109, 206 (1925). 

|j Zeits.f. Phys., 54, 686 (1929). 

Comb. Phil. Soc. Proc., 22, 534 (1926). 

** Zeits.f. Phys., 56, 751 (1929). 
ft Proc. Nat. Acad. Sci., 16, 658 (1930). 
ti Phys. Rev., 37, 1 (1931). 

§§ Zeits.f. Phys., 68, 64 (1931). 

|H| Phys. Zeits., 32, 31 (1931). 
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Millikan and Cameron present striking quantitative evidence that 
the strongest, and most absorbable cosmic ray frequencies arise 
from the act of formation of helium out of hydrogen. The three 
more penetrating bands are due to the formation from hydrogen 
of the only other abundant elements, oxygen (C, N, O), silicon 
(Mg. Al, Si, S) and iron (iron group). Millikan supposes that the 
constancy in distribution of the cosmic rays must mean that the 
temperature existing even in the atmosphere of the sun, whence 
alone they could get to us from this star, is inimical to the union 
of hydrogen into the heavier elements, for hydrogen is present in 
enormous quantity in the sun’s atmosphere. In addition, the 
cosmic rays cannot originate in any places in the universe from 
which they are obliged to come to us through any appreciable 
amount of matter. If they had done so, they would, on entering 
the earth, be partly /2-rays and partly photons, and on account of 
the earth’s magnetic field, the /3-ray part would of necessity be 
stronger near the magnetic poles than at lower latitudes. But 
no trace of such an influence can be discovered. 

Jeans* has criticised Millikan’s suggestion that the hardest 
radiation of all has its origin in the synthesis of iron. He points 
out that if the annihilation of matter is the true origin of the two 
hardest constituents of the cosmic radiation, it would seem likely 
that these, and these alone, form the fundamental radiation, and 
that all other constituents represent mere softened, or degraded 
forms of these two components. 

On the whole, therefore, neither the nature, nor the origin of 
cosmic rays is definitely settled. 

27. The Velocity of Light. During recent years Michelson f 
has measured the velocity of light at Mount Wilson under more 
favourable conditions, as regards accuracy, than have hitherto 
been obtained. A beam of light was reflected from a rotating 
octagonal mirror to a mirror in Mount San Antonio twenty-two 
miles away, and after reflection from the latter impinged on the 
next succeeding face of the rotating mirror, from whence it was 

* Nature, 127, 594 (1931). For further details of cosmic rays the reader 
may consult the report of a discussion on the subject, Proc. Roy. Soc. A ., 132, 
831 (1931). 
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reflected into a micrometer eyepiece. This was accordingly 
almost a null method as regards deflection, and attention was 
concentrated on measuring the speed of rotation of the mirror, 
which was synchronised with a fork, controlled by comparison 
with a pendulum. Later,* he used in turn five different revolving 
mirrors of glass, or steel, each with from eight to sixteen facets. 
The results for the velocity of light in vacuo , given by the 
separate mirrors, show a remarkable agreement as follows : 


Glass 8 facets 

Steel 8 ,, 

Glass 12 

Steel 12 ,, 

Glass 16 ,, 


299,797 km. per see, 

299.795 

299.796 

299,796 

299,796 


The mean result is 299, 796 dz 4 km. per sec, 

Michelson and Gale f determined the effect of the earth's 
rotation on the velocity of light : Two beams of light were caused 
to travel in opposite directions through a rectangle of 12 inch w'ater 
pipe, of total path length somewhat over a mile, and brought to 
interference. Sharp steady fringes were produced when the air 
pressure w r as reduced below' an inch of mercury. The beam 
going counter-clockwise around the rectangle was retarded, giving 
an observed fringe displacement of 0-230 4^ 0-005. This agrees 
with the value (0-236 ± 0*002) computed on the hypothesis of a 
fixed ether, and is also in accord with relativity, so the experiment 
in this sense is not a critical one. What it does prove is that, 
if there is an old-fashioned ether, it does not rotate with the earth. 

Relativity will not fare so well if the results reported by 
Miller J for his repetition of the Michelson-Morlev experiment 
are eventually established beyond question. He made thousands 
of ether drift measurements both at Mount Wilson and at Cleve¬ 
land, usingevery precaution to eliminate mechanical disturbances, 
as well as other possible sources of error. He concludes that a 
positive result is shown by all the Cleveland observations and a 

* Astrophys. Joum 65-1 (1927). 

t Ibid., 61, 140 (1925). 

% Proc. Nat. Acad . Sci.. 11, 306 (1925). 
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somewhat larger effect at Mount Wilson, amounting at the latter 
place to about 9 km. per sec., or one-third the orbital motion of the 
earth, indicating a partial drift of the ether with respect to the 
earth which increases with the altitude. After completing his 
computations Miller * * * § considered that the variation of the effect 
with altitude was within the limits of experimental error, and 
therefore doubtful. The observations are consistent with a 
definite absolute motion of the earth through space, combined 
with the periodic changes due to its orbital motion. 

Miller’s original assumption of a direct determination of ether 
drift has been criticised by Eddington f and by Swann, J and the 
most probable explanation of the experimental results is obscure. 
Kennedy § has repeated Miller’s work with an improved form of 
apparatus and has obtained no evidence of ether drift. 

Similar conclusions of no ether drift have been reached by 
Tomasehek j| and Chase.^j The apparatus used by the latter 
could have detected an ether-drift velocity of 3 km. per sec. 
Piccard and Stahel ** carried out experiments on the summit of the 
Rigi in Switzerland (altitude 1,800 m.). They used a self-record¬ 
ing interferometer with thermostatic temperature control. The 
results were completely negative, the ether drift being only one- 
fortieth part of that expected by Miller. 

Gleich.tt however, maintains that the correct result of the 
Michelson experiment is still an open question, though the Lorentz 
transformation and the whole theory of relativity are based on the 
supposed negative result, that is to say, no 61 ether drift ” or 
possibly no ether. If the ether is to be regarded as fixed in space, 
there will be a daily varying ether drift to be considered in the 
Michelson experiment, a yearly varying drift and a constant drift 
depending on the motion of the solar system through space ; it is 

* Astrophys. Journ., 68, 341 (1928). This reports a conference on the 
Miehelson-Morley experiment. 

* Nature , 115,’870 (1925). 

t Ibid., 116, 785 (1925). 

§ Proc. Nat. Acad. Sci 12, 621 (1926) 

Ann. d. Phys., 78, 743 (1926). 

Phys. Rev., 30, 516 (1927). 

* * Naturwim., 16, 25 (1928). 

A t Zeits.f. Phys.. 59, 132 (19291. 
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only the latter which can have a perceptible effect, as the others 
are too small. 

Very recently Joos * has shown that the velocity of the earth 
with respect to the ether, if it exists, cannot be greater than 1*5 km. 
per sec. 
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CHAPTER VII 


MAGNETISM 

1. The Magnetic Properties of Atoms. According to the older 
quantum theory, an atom consists of a heavy nucleus, with a 
positive charge, and a number of electrons moving in orbits about 
the nucleus as centre of force. These electrons can circulate in 
closed orbits without radiating energy at all, whereas classical 
theory indicates that every acceleration of an electron must be 
accompanied by radiation. In addition, of all the infinite number 
of different orbits which, according to the classical theory are 
possible, only certain discrete orbits are permitted, these permitted 
orbits being determined by certain quantum conditions. An 
atom, in which electrons are describing orbits permitted by the 
quantum conditions, is said to be in a stationary state ; and to 
each particular stationary state pertains a certain energy. Under 
certain conditions an atom can pass from a stationary state, 
energy E v to another stationary state of less energy, E 2i and this 
sudden passage is accompanied by a radiation of energy E x — E 2 , 
of which the frequency, j/, is given by the condition : 

hv ~E 1 ~ E%, 

where h is Planck’s constant. 

These stationary states are defined by a fundamental postulate 
which may be expressed in the form : 

fpdq = n h, 

where the integral is to be taken over a complete period, p and q 
are the conjugate momentum and co-ordinate, respectively, and n 
is an integer. 

Fresh light has been thrown on the problems of atomic mag¬ 
netism by the new quantum mechanics, although the latter gives a 
less definite picture of the atom than that of Bohr. The hydr ogen 
atom is regarded as a nucleus, surrounded by a space charge, 
determined by quantum numbers -which emerge in a natural way 
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from the derived equations. An alternative treatment reg 
the hydrogen atom as a centre of force surrounded by a held of 
probability, ziz.. the probability of the electric charge which 
constitutes the negative electron being found within any assigned 
region. The quantum numbers then define the characteristics of 
the probability field, and although there is close similarity between 
some of the formal treatment of the older and newer theories, 
the interpretations are different. 

Associated with each electron in an atom is a set of quantum 
numbers ; n, the total quantum number, 1. a subsidiary quantum 
number which is less by unity than the azimuthal quantum number, 
k, of the older theory, hr., 1 = k — 1. In addition, to each 
electron is assigned a quantum number, s, defining the spin of the 
electron. For a single electron, s = — h so that the angular 
momentum of spin is l(h '2tt), where h 2tt is the quantum unit of 
angular momentum. This so-called spin forms an important 
postulate in the new quantum mechanics. Eddington * has shown 
that the angular momentum of the electron is composed of two 
parts, one being the angular momentum postulated in the older 
quantum theory, and the other, the spin of the electron which 
must be added to the orbital momentum. The idea of the 
spinning electron has explained certain discrepancies between 
theory and experiment, the so-called duplecitij phenomena, where 
the observed number of stationary states for an electron in an 
atom are twice the number given by theory. 

In the atom the effects of the constituent electrons are additive, 
so that the total angular momentum—and magnetic moment—of 
an atom is a resultant of the orbital and spin moments of the 
electrons. In general, the orbital moments may be regarded as 
combining to give a resultant, characterised by the quantum 
number 1, and the spins to a resultant s. The total angular 
momentum of an atom is indicated by the quantum number j. and 
j is the resultant of 1 and s, assuming values from l — s to 1 — s at 
intervals of 1. 

Now the possible states of an atom are characterised by terms 
which are classified as S, P, D, F, etc according as 1 =0, 1, 2, 3, 
* Brae. Boy. Soc., A, i26, 696 (1930). 
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etc and each term may be multiple, the multiplicity r being such 
that r = 2s -f I- The spectroscopic symbol r L j5 e.g ., 4 F 9/2 , thus 
gives the spin moment s (r — 2s -f- 1), the orbital moment 1 (e.g., 
for F terms 1 = 3), and the total moment j. 

From an analysis of the line spectrum, emission or absorption, 
of an element, it is possible to deduce the ground term, correspond¬ 
ing to the deepest state, or normal state, of the atom of the 
element. In many cases, however, the normal spectroscopic 
state is not known from direct experiment, but it may be pre¬ 
dicted with reasonable certainty by the aid of rules, which were 
primarily suggested by experimental facts, but which also have 
theoretical justification. The importance of determining the 
ground term lies in the fact that the magnetic moment of an 
atom (or ion) may be calculated when its “normal spectroscopic 
state is known. 

The Zeeman effect has thrown much light on atomic magnetism. 
A magnetic field splits each spectral line into three, when the line 
is viewed at right angles to the field ; the central one is polarised 
parallel to the field, and the two outer ones at right angles to the 
field. The central one is of the same wave-length as the original 
line, and the outer ones equidistant from it. Now the effect of a 
field H is to cause what is known, as the Larmor precession of the 
orbit of the electron about the axis of the field, and the frequency 
of this precession is o, where nTJ 

o = 

e being the charge on an electron, m 0s its mass and c, the velocity 
of light. 

If E 0 is the energy of the electron in the absence of the magnetic 
field and E' the increase of energy due to o. then E , the energy in 
the presence of the field, is given by : 

E = E 0 -f E' = E 0 -f uioh, 

in being a magnetic quantuiyi number. Thus the frequency, v, due 
to a transition where m changes to m' is, 

I 

v = - [(E q + m oh) — (E q ' -f~ m 'oh)], 
v = + o(m — m'). 


or. 
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where v 0 is the frequency of the original line. Xow m changes 
bv x 1 °r 0, so that the normal Zeeman triplet is given by : 

v — v 0 = ~ o, or zero, 

and the magnitude of separation of the outer lines from the 
central one is Bv = o. 

The orbital motion of the electrons in an atom produces a 
magnetic field of such a kind that the atom may lie considered 
as a permanent bar magnet, when discussing its behaviour in an 
external field, constant in time and uniform in space. 

Let us consider first an atom with only one electron, and neglect 
the intrinsic magnetic moment of the electron tine to its spin. 
According to Kepler’s law of area, the rate, <1A dt . at which the 
radius, r, drawn from the nucleus to the electron, describe*, area is 
such that, 

dA d6 

2m ° Tt = m » rl lit = p * 


where <f> is the azimuthal angle and p. the angular nr 
Integrating for one complete period T. we obtain : 

pT 

area of orbit = A — —- .... 

2/« 0 

According to quantum conditions, the angular mram-nt 
any atom is : 

i* 


i * 

f vf 


where j is an integer, or an integer plus L and is called the inner 
quantum number. The total angular momentum of an atom is to 
be found by taking the vector sum of the spin and orbital moments, 
and equation (1) may be written in the form : 


A = 


j hT 

4>rrm Q m 


The current strength, measured in electromagnetic units, due 
to the revolving electron, calculated as the quantity of electricity 
that passes a point per second is — e/T. and the magnetic moment 
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ju,, due to this current, calculated from the intensity of the current 
and the area of the circuit is : 

eA 

A 6 === jrt 


Hence, 


ejh ep 

4i7rm Q c 2m 0 c 3 


where e is now measured in electrostatic units, and the equation 
is a vectorial one. We may proceed to generalise for an atom 
having several electrons, by summing the contributions made bv 
all of them, so that if j h!2w now denotes the resultant angular 
momentum of all the electrons, and fx the magnetic moment of the 
atom, we obtain an equation identical with equation (2). This 
theory requires, therefore, that the magnetic moments of atoms 
shall be multiples, or half-multiples if j is an integer plus J, of an 
elementary unit, called the Bohr magneton , and denoted by jx B , 
given by the equation, 

eh 

4>7r?n 0 c 

Using the known values of e, h , ra 0 and c, its value is 9*21 x 10 —21 
er &/g alISS - Thus the angular momentum, measured in units hferr, 
is equal to the magnetic moment, measured in Bohr magnetons, 
but this only applies to an atom whose Zeeman effect is normal. 

The normal effect, however, is by no means the most common 
one encountered in spectroscopy. If a spectral line is multiple in 
structure, the line is termed a multiplet, and when subjected to a 
weak magnetic field II, each component line of the multiplet is 
resolved into a large number of components, whose displacements 
from their original frequencies are proportional to II, but different 
for the various members of the multiplet. As the field is gradually 
increased in strength, so that the displacements of the components 
become of the same order of magnitude as the original range of the 
multiplet, the resolutions undergo gradual changes, until for strong 
fields the components of the various members of the multiplet 
flow together, and produce a normal Zeeman effect. This change 



MAGNETIC PROPERTIES OF ATOMS 


*241 


on passing from a weak to a strong field is known as the Paschm- 
Back effect. 

Under the influence of a magnetic field, each energy level 
suffers a frequency displacement. Sr, given Ly : 

Sr 

— = mg, 

o 


where o is the normal Larmor separation, m. the magnetic quant uni 

number which takes the values j, j — 1 . j — *2. — j for each 

j term, and g is the so-called Lande splitting factor. The latter 
may be expressed in terms of 1, j and s. An empirically correct 
expression forg was first given by Lande. and, with the assumption 
that the ratio of the magnetic to the mechanical spin moment is 
double that for the orbital moment, it has now been deduct'd 
theoretically by means of the new mechanics. Its value is given 
by : 

„ , j (j + i) -f s(s - i) - in - i) 

A,==1 r - Turrit -- 

and for an atom with an anomalous Zeeman effect, the factor a is 
replaced by go. 

Now if g. H is the atomic magnetic moment resolved along the 
magnetic field H, and p H , the corresponding component of the 
angular momentum, 

Ph ~ P ~ - m a c ' 

But p H = mA/27r, where m is the quantum number used in the 
theory of the Zeeman effect, so that : 



Thus m denotes the angular momentum of the atom about the 
k 

magnetic field in units — and also the magnetic moment of the 

277- 

atom, expressed in magnetons, for an atom with the normal 
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Zeeman effect. But for an atom with an anomalous Zeeman 
effect, o is replaced by go, where g is the splitting factor. Hence, 





and 


rah 

Ph = 


so that. 


ff H £ e 

p 3 ~ 2 m 0 c’ 


which agrees with experimental results for ferromagnetics ifg =2. 

According to the new T mechanics the quantum numbers have 
now the following meaning. In a magnetic field a single 1 j energy 
level separates into a number of component levels. They can be 
specified by a magnetic quantum number m, which may be regarded 
as the resolved value of j in the direction of the magnetic field ; 
s is now the quantum number for the spin of the electron itself. 
The resolved magnetic moment of the atom, expressed in Bohr 
units is given by mg, and can only assume therefore certain 
discrete values. This supports the fact that in the Zeeman effect 
discrete lines are obtained. 

2. The Magnetic Deflection of Atomic Rays. The presence of a 
magnetic field thus affects the motion of an electron, and to a close 
approximation, in the case of hydrogen, the plane of the electron- 
orbit rotates uniformly round an axis drawn through the nucleus 
parallel to the lines of force. The resolved component of the 
angular momentum must satisfy the condition, p H = mhferr, 
where m takes the values, o, i 1 . . . i j. In the case of other 
atoms, e.g., silver, m can take the values ± t i i • • * ± j 5 for 
such atoms j is always an integer plus one-half. Thus for atoms 
in a uniform magnetic field only discrete orientations are possible, 
such that j cos a = m where a is the angle between the magnetic 
field and the vector j. The atom can take up only 2 j -f- 1 orienta¬ 
tions in the field. In these considerations we have not taken into 
account the intrinsic angular momentum of the electron due to its 
1 h 

pin. 
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This restriction of orientations was first pointed out by Soman-r- 
felch* and confirmed experimentally by Gerlaeh and Stern.* In 
addition, these experimenters proved that certain atoms have 
magnetic moments equal to the Bohr magneton. Their first 
experiments dealt with the magnetic moment of the silver atom 
in the vapour state, and later they extended the work to many 
other atoms and molecules. 

The metal to be investigated was obtained in the form of a beam 
of uncharged atoms, moving in a space so highly exhausted that 
the atoms traverse it without a collision. The beam was formed 
by vaporising a metal in a very high vacuum. The atoms, shed 
off with a velocity which could he deduced from the kinetic theory 
of gases, from the temperature of vaporisation, passed through, 
suitable slits which isolated a narrow beam. 

Now a small magnet, placed in a homogeneous magnetic field, 
experiences no resultant force, for the force on one pole will be 
exactly equal, but opposite in direction, to that exerted on the 
other. If the field is non-homogeneous, however, the magnet will 
experience an acceleration. In particular, if the magnetic axes of 
the magnets lie parallel, or anti-parallel, to the field, the magnets 
whose axes are parallel to the field will tend towards one direction, 
and the magnets whose axes are anti-parallel will tend to move in 
the opposite direction. Thus in the case of a beam of atoms sent 
through a non-liomogeneous field, in which the gradient of the 
magnetic force is normal to the beam, we should expect the beam 
to be merely broadened if, as on the classical theory, all directions 
of the atomic moment in the magnetic field be admitted. On the 
other hand, if definite directions are assumed for the atomic 
moments, the beam will be resolved into definite constituent beams 
on passage through the field, and so if the deflect ion of the beam 
can, be observed; experiment will afford a decision for. or against, 
space quantisation. In the general case the number of parts into 
which the beam is split, i.e., the number of orientations will be 
2j -f- 1. Thus, for elements in the first column of the periodic 
table, for which j = l, there should be two beams. 

* Phus. Zeits 17, 491 (1916). 
t Ibid., 8, 10 (1921) : 9. 349, 3 
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The theory of the experiment is as follows : let /x be the magnetic 

ell 

moment of the atom, H the field, strength, and the field 

gradient, which is in the same direction as H and normal to the 
path of the atom. If the magnetic axis of the atomic magnet 
makes an angle 9 with the direction of H, the force acting on the 

m bh , 

magnet is ft cos 6 — = where is the component of 

resolved along the field- If the moving atom has a velocity v 
and mass m 0 , and traverses a path of length L , at every point of 
cH 

which -ttj has the same value, the displacement of the atom, x t 
normal to its direction of motion, is given by : 


^ 2 ?n 0 dx V v 

If all the atoms have the same velocity, then the displacement, 
x, is the same for all, but actually, if they are obtained by evapora¬ 
tion, they will have the Maxwellian distribution of velocity, and 
each beam, into which the original beam is split, will be broadened 
out. 

The velocity of the atoms depends on the temperature of 
vaporisation of the metal, and is given, theoretically, by : 

I 3 

- m 0 t 2 = - kT, 

where k is Boltzmann’s constant, and T, the absolute temperature ; 
but in the experiments the mean velocity of atoms issuing through 
slits was somewhat greater than this, and the average value was 

taken to be _ 

v — 's/ 3’5kT/m 0 . 

The actual apparatus used by Gerlach and Stern is shown 
diagranimatically in Fig. 38. The metal investigated was con¬ 
tained in a small furnace F, which itself was contained in a 
separate vessel communicating with the rest of the apparatus 
by the slit A, through which issued the metal atoms.. The furnace 
vessel was exhausted, and the beam of atoms, limited by small holes 
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in the diaphragms SS, passed between the poles of a magnet MM. 
which produced a non-homogeneous field, varying strongly in 
the vertical direction, as shown at (a), but uniform at all points on 
a given horizontal line in the diagram. The atoms were finally 
deposited on a glass plate G, where they formed a deposit, usually 
too faint to be seen, but which could be developed to good visibility. 
The whole apparatus of diaphragms and magnetic poles was 
enclosed in a vessel, which was very highly exhausted. 

The essential parts of the apparatus were quite small. In some 
eases the pole piece was about 5 cms. long, the plate, which received 
the atoms, 3 mm. square, and the oven 2 cm. long. The distance 
between the knife edge and the plane of the slotted jxilf.-ph.-ce 



Ficj. 38.—Experimental arrangement for measuring the magnetic 
deviation of atomic rays. (Gerluch and Stern., 


was about 1 mm. The deflections obtained in the experiments 
were small, and careful alignment of the parts was necessary for 

ell 

good results. Values of were obtained by measuring the 

repulsion at various points of a thin bismuth wire, mounted 
parallel to the edge of the wedge. The non-homogeneity of the 
field is, of course, greatest in the vertical line through the edge 
of the wedge, and decreases to left and right, so that if the atomic 
beam were split into two, these two component beams would be 
most w r idely separated in this line, the separation diminishing on 
either side, until a place is reached where the gradient is not 
sufficiently strong to produce a resolution of the beam. 

In the ease of silver a splitting into two of the beam was 
observed, and from the measured deflection x, the value of p H 
was calculated to be ± 1 Bohr magneton. But for silver in the 
normal state j = J, and so m = ± 1. Thus, since j cos a = m, 
cos a — ± I and g = 2, i.e„ mg — 1, — I. 
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The experimental results prove conclusively that the silver 
atom is space-quantised, and confirm in a striking manner the 
theory of the Zeeman effect. Indeed, we have here a direc t pr oof 
of the existence of the energy states of the Bohr theory ; until 
this time these states were no more than a mental picture, whose 
differences gave the spectral lines themselves. If the silver atom 
were able to assume any orientation whatever in the field, the 
two lines on the glass plate would be replaced by a continuous 
deposit, filling the entire region which these lines enclose. In 
fact, we should expect the densest part of the deposit to be in 
the centre, since the number of atoms whose axes make angles 
between 0 and 6 -f dQ with the field is nearly proportional to sin 9, 
and in this case a large fraction of the atoms would be oriented 
nearly transversely to the field and so would suffer very small 
deflections. 

Typical values in the experiment were II = 17,500 gauss and 

cH 

■g-~ = 23G,000 gauss/cm. at 0T5 mm. from the edge of the wedge. 

The measured magnetic moment per gram atom was 5,690 gauss, 
cm., whereas the calculated value of the Bohr magneton per gram 
atom is 5,589. The Gerlaeh-Stern experiment, v T hich may be com¬ 
pletely explained by wave mechanics, provides direct proof that 
both the Bohr magneton and space quantisation have a real 
existence. 

The results of some of the experiments are shown in Fig. 39. 
For example, (n), ( b ) and (c) give the result of an experiment with 
silver, the trace of the rays both with and without the magnetic 
field being shown. The lack of symmetry of the lens-shaped 
deposit is due to the very strong magnetic-force gradient in 
the immediate vicinity of the knife edge. 

Gerlaeh and Stern also investigated other metals. Cojjper, 
and gold atoms have, in the normal state, a magnetic moment 
zb 1 magneton, and, as in the case of silver, two deflected traces 
were obtained on the plate. 

For the normal atoms of elements in the second column of the 
periodic table, including zinc, cadmium and mercury, there were 
no deflected traces, so that the value of mg for these atoms is zero. 
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Nickel showed curious results in that there were both defected 
and undeflected beams. Hence some of the atoms have no magnetic 
moment, while others have a moment which works out to be 
somewhat greater than one magneton, nig being — 5 4. With 
antimony an undeflected beam was obtained, which was 
attributed to molecules. Bismuth gave two traces on the plate 
which were asymmetrical. Leu * repeated the experiments with 
bismuth, and found two broad deviated lines, separated by a 
narrow undeviated line which disappeared at higher temperature*,. 
The asymmetry noted by Gerlach was not observed. The dis¬ 
tribution of density was consistent with the presence of atoms 
having resolved moments in the ratio 1 : iJ, the traces merjiiuj 
into each other. Iron has been investigated, but only an 
undeflected trace was obtained. Spectroscopy suggests a value 
of mg equal to JL. 5/4, but in the actual experiments diikeultit s 
were encountered owing to the rapid oxidation of the traces on 
the plate. The experiments are not regarded as final. Recently 
Gerlach f has found that the results for iron atoms do not. j.s at 
first supposed, indicate mg — 0, but suggest that m^>0. In the 
case of cobalt a value mg = 6 can just be established. 

The behaviour of a diamagnetic atom, or molecule, under the 
conditions of the Stern-Gerlach experiment is quite different 
from that of the paramagnetic unit. Since the magnetie moment 
of the diamagnet is, except for a small correction term, directly 
proportional to II and anti-parallel to H , all the units of one kind 
should follow the same path, and no resolution into discrete beams 
can be expected. 

Perhaps the most interesting case is that of hydrogen, which 
was investigated by Phipps and Taylor.* The beam was formed 
in a special all-glass slit system of three slits, sealed to a discharge 
tube, and detected by the reduction resulting on contact with a 
target coated with molybdenum trioxide. A sharply defined 
blue line against a white background was the result. In thq 
magnetic field the beam was separated into two branching beany. 

/ 

/ 


* Zeits.f. Phys ., 49, 498 (1928). 
t Journ. d. Phys 10, 273 (1929). 
$ Phys, Bn .. 29. 309 (1927). 
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There was also evidence of a central nndeviated beam, which 
was believed to be due to hydrogen, chemically active, but not 
in the atomic state. From a measurement of the deflection, the 
magnetic moment of the hydrogen atom was calculated to be one 
Bohr magneton, within the limits of experimental error. This 
result is of interest because according to the newer quantum 
theory, the electric field of the hydrogen atom in the normal 
state possesses spherical symmetry, and must, therefore, under all 
circumstances, show perfect isotropy in collisions with other 
atoms. This leads to zero magnetic moment for the normal state, 
whereas experiment gives ± 1 magneton. Thus the spin of the 
electron must be taken into account, and that which orients in 

, _ _ 1 h 

this case is, apparently, the electron momentum vector, - . —, so 

2 2tt 

that the corresponding magnetic moment equals one Bohr 
magneton. On the whole, the determination of atomic magnetic 
moments, made by Gerlach and Stern, agrees very well with 
the deductions made from spectroscopy as regards the moments 
of atoms in their normal states. 

So far we have not taken into account any possible moment 
of the atomic nucleus, but Back and Goudsmit * explained the 
hyperfine structure of the bismuth spectrum as due to very close 
multiple! combinations, arising from a nuclear moment, and 
confirmed the theory by the Zeeman effect on the bismuth lines 
in a strong field. The Zeeman effect observations enabled the 
magnitude of the mechanical moment of the nucleus to be deter- 

h 

mined. This was found to be 4*5 —. Jackson f investigated the 

lines of the principal series of the arc spectrum of caesium, searching 
for hyperfine structure due to nuclear spin. The lines were found 
to consist of close doublets, suggesting a nuclear spin of one half 
quantum. The ratio of the separation due to the nuclear spin 
to that due to the electron spin was calculated to be 1 :120,000, 
whereas experiment gave 1 : 55,000, and the ratio of the magnetic 
moment of the caesium nucleus to the moment of the electron is 

♦ Zeits. f. JPhys., 47, 174 (1928). 
t Proe. Roy. Soc A t 121, 432 (1928). 
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about 1 : 2,000. Taylor * showed that in the ease of lithium a 
nuclear magnetic moment must be present smaller than one-third 
of the Bohr magneton. 

The nucleus possesses a magnetic moment by virtue of being a 
rotating charge in the same way as the electron, considered as a 
point charge rotating round the nucleus, produces a magnetic 
field. The nucleus will therefore suffer an increase, or decrease, 
according to the sense of rotation, in potential energy, just as the 
electron does with its magnetic moment in similar circumstances. 
Although much work remains to be done, observations indicate 
that the nuclear spin, whether due to electrons, protons, or to 
both electrons and protons, carries with it, in space quantisation, 
the total mass of the nucleus. Assuming the nuclear spin to be 
a rotation of the nucleus as a whole, Jackson derived the following 
equation for the approximate shift in energy of the ordinary 
energy levels produced by the nuclear spin : 

St V _ 

Sty 2 m e ' 

Here is a gross, or multiplet, structure separation, the 
corresponding hyperfine structure separation, m e the mass of an 
electron, and m k the mass of the nucleus. 

Fermi f deduced the magnetic moments of the nuclei of sodium 
and caesium atoms from the hyperfine structure of the spectra 
of these elements. Comparing the relative intensities of the compo¬ 
nents, he estimates the mechanical moment of the nucleus to be h 2rr 
for sodium. This makes the atomic magnetic moment equal to 
£i E /670, where g B is one Bohr magneton. If h 2 tt is also the mechani¬ 
cal moment of the caesium nucleus, ^t B /1460 is its magnetic moment. 

Other workers who have investigated the hyperfine structure 
of spectra lines include Dorfman,J Giittinger,§ McLennan and 
Allin,|| Schuler and Bruck,*[ White,** Goudsmit and Bacher. 4,4 * 

* Zeiis.f. Phys 52, 11 (1929). 

t Ibid., GO, 320 (1930). 

t Ibid., 62, 90 (1930). 

§ Ibid., 64, 749 (1930). 

H Proc. Roy. Soc., A, 129, 208 (1930). 

If Zeits. f. Phys 58, 735 (1929). 

** Phys. Rev., 34, 1397 (1929) ; 34, 1404 (1929). 

*4. 34 } 1501 (1929). 
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3. Diamagnetism. Diamagnetic substances are characterised 
by having magnetic intensity proportional, and in the opposite 
direction, to the magnetising field, the ratio of the intensity of 
magnetisation, I, to the magnetising force, II being the volume 
susceptibility, The m ass, or specific, susceptibility, is given 
by x — Xv!p 5 where p is the density. 

There is a great prevalence of diamagnetic properties among 
elements and compounds, about half of the elements in the 
periodic table being what we may term diamagnetic. By this 
we mean that all the saturated compounds which they form with 
each other are diamagnetic, although the elements themselves 
may show paramagnetism in the free state. In addition, even such 
elements as iron or nickel form many complex salts which are 
actually diamagnetic. 

Langevin * showed that a magnetic molecule, consisting of a 
spherically symmetrical distribution of electrical charges, either 
at rest or in orbital motion, has no tendency to orient itself in 
any particular direction with respect to a magnetic field, but 
would begin to rotate with a definite angular velocity round the 
lines of magnetic force, the angular velocity a >, the Larmor rotation, 
being given by : 


eH 

2 m 0 c 


(3) 


This result may also be stated in another way. The equations of 
motion of an electron, relative to fixed axes, in the absence of a 
magnetic field, retain, very approximately, the same form in the 
presence of a magnetic field, H , provided the axes are supposed 
to rotate with angular velocity, <x> — eH/2m 0 c , about the direction 
of the field. We see from this that when a magnetic field is 
produced in a substance in which the electrons are describing 
orbits in fields of force, the orbits in the field will be the same, 
relative to axes rotating about the direction of the field with 
velocity co = as they were, relative to fixed axes, before 

the field was applied, provided that the application of the magnetic 
field does not move the fields of force. 


* Ann . d. Phys 5, 70 (1905). 
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In diamagnetic substances we suppose that the atoms have 
zero magnetic moments in the absence of a magnetic field, so that 
when a field is applied, it does not tend to move them. 

Xow an electron at a distance r L from an axis, revolving with 
angular velocity oj round that axis, gives rise to a magnetie 
moment, S/z, in the direction of the magnetic field, where 



eojr ! - 
2 c ' ‘ 


or, from equation (3), 




- 2 erf- II. 


where e is measured in electrostatic units, and the negative sign 
is correct, because an increasing magnetic field tends to induce 
currents which produce a field, opposite in direction to the 
inducing field. Hence the electrons in orbits which give a field 
opposite to the field H will be accelerated, and the electrons in 
orbits giving a field in the same direction will be retarded. 

If the atom contains several electrons, the total magnetic 
moment, Zl/z, of the atom is given by : 


^ = - 


- v e/v II. 


4 m 0 c- 

where the summation sign refers to different orbits in the sane 
atom, and r T 2 is the mean value of r x 2 for a single orbit. 

Owing to the spherical symmetry of the diamagnetic atom, we 
have : 


S er i 2 = i 

where r % refers to the distance of the typical electron from the 
axis of rotation through the nucleus, and r refers to its distance 
from the nucleus itself. Thus, 


Afx 


6 m 0 c 2 

The magnetic moment per gram-atom is, therefore, 


= ~ N ] 


^er 2 !!. 

om is. 
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where N is Avogadro’s number, 6*06 X 10 23 atoms per gram-atom. 
I the magnetic moment per unit volume, or intensity of magnetisa¬ 
tion, is given by : 


I = Afx v 


— At 


- ^er 2 H, 


^A * 6m n c 


e . — 


where p is the density of the substance and A, its atomic weight. 
The volume susceptibility , x„> is therefore, 

I 

_ H = 

The atomic susceptibility , or susceptibility which the substance 
would possess if one gram-atom of it were concentrated in unit 
volume, is thus : 

__ e 

H 


Xx 


= — N- 


6m n c 2 ' 


Another constant often used in defining susceptibility is the 
mass , or specific , susceptibility , x> and, 

N e ^ - 
X A 6m 0 c 2 * 

Substituting numerical values : 

Xa = ~ 2-85 X to 1 ** ^r 2 .(4) 

If we suppose that the substance considered contains free 
electrons, moving about inside it like the molecules of a gas, then 
these electrons will also produce a small diamagnetic susceptibility. 
The theory of this effect was given by Schrodinger, and later by 
Wilson,* in a simpler form. The volume susceptibility, x& 
to the electrons, is shown to be : 

1 ne 2 A 2 
Xe == 3 m 0 9 

where n is the number of free electrons per unit volume, and A, the 
electronic mean free path. The diamagnetic susceptibility due 
to the free electrons may be of the same order of magnitude as 
that due to the electrons describing orbits, but there is no way of 
estimating the relative values of the two. 

* JProc. Roy . Soc., 97 , 321 ( 1920 ). 
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The above expressions for susceptibilities are independent of 
the temperature, and also of the field strength* They hold for 
the quantum orbital model of the atom, and are of direct 
importance only for atoms, or ions, with no resultant moment. 
In addition, the theory outlined above only applies to such 
systems as atoms, or to ions in solution or solids, where we may 
regard the atoms, or ions, as independent. For molecules, i>., 
systems with more than one centre of force, r 2 loses its simple 
significance. 

A number of accurate measurements of the susceptibilities of 
alkaline and alkaline earth halides are now available, and these 
give values of r 2 compatible with other evidence. The suscepti¬ 
bility increases fairly regularly in a series such as Xa - . K Rb 
F - , Cl - , Br“. For ions with the same number of electrons the 
susceptibility decreases as the nuclear charge increases, as in 
Cl - , K 4- , Ca + + . Earlier measurements suggested that the inert 
gases were anomalous, but the measurements of Wills and Hector # 
show that they fall into line, Ar for example, falling between 
Cl - and K 4 ". 

If the orbital model is replaced by the space charge model, it is 
possible to calculate the equivalent value of r- from the 
distributions for symmetrical ions.t The agreement with experi¬ 
ment is good for the inert gases and positive ions, but there are 
considerable discrepancies for the negative ions. 

It may be noted that the orbital model gives values which are 
too great in cases where approximately complete calculations can 
be made, namely, for He and H. It was shown by Van Vleck,J 
however, that the new mechanics leads to satisfactory values. 
He has extended the treatment to the hydrogen molecule, and the 
agreement with experiment is very satisfactory. 

4. Experimental Results. In dealing with experimental results 
for material in bulk, it is convenient to consider first those from 
which values for quasi-independent ions, or atoms, can be deduced 
with the minimum of uncertainty. The ideal substances are 

* Phys. Rev., 24, 418 (1024). 

f See Stoner, Proc. Reeds Phil. Soc., 1, 484 (1929). 

t Proc. Nat. Acad. Sci., 12, 662 (1926) ; Phys. Rev., 31, 587 (1928). 
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monatomic gases ; but fairly definite conclusions can also be drawn 
from solutions of salts, containing definite ions, and from solid 
salts which are definitely ionic. 

The electronic structure of the inert gases has long been known 
to possess a very high degree of symmetry, and it is naturally to 
them that one would turn first to test a theory of diamagnetism, 
based on electrical symmetry. The first definite attempt to apply 
the theory to the diamagnetism of the rare gases seems to have 
been that of Pauli.* He calculated a value of ^er 2 for argon and 
helium, and proved definitely that the experimental results of 
Tanzler f and Take Sone % indicated an atomic susceptibility far 
greater than any reasonable theory -would allow. The very 
careful measurements of Hector,§ using a sensitive magnetic 
balance method developed by Wills,|| have shown that Pauli’s 
deductions were correct, and that the atomic susceptibilities of 
the inert gases are only about one-tenth of the values found 
previously. Hector’s results were as follows : 


Susceptibility of Inert Gases. 


Element. 

: - Xp x io*°. 

- x a x io 8 . 

2er a x 10**. 

Helium 

0*780 

1*87 

3*14 

Xeon 

. | 2-77 

6*62 

11*1 

Argon. 

7*52 

i 

18*0 

30*2 


Other three configurations of almost equal importance in a 
consideration of the periodic table have no resultant magnetic 
moment, namely, those of the ions Cu + , Ag+ and Au + . Of these, 
Ag + is definite^ stable under the attraction of a nuclear charge 
of -f- 47. as the strictly monovalent character of silver, and the 
lack of colour in its simple salts indicate. The distributions of 
electrons, according to Pauli’s theory, in the Cu + and Au+ ions 

* Zeits.f. Phys., 2, 201 (1920). 
f Ann. d . Phys., 24, 931 (1907). 
t Phil. Mag., 39, 305 (1920). 

§ Phys. Rev. 24, 418 (1924). 

II Ibid., 23, 209 (1924). 
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seem to be capable of existence under nuclear charges — 29 and 
-r T9, respectively, but the fact that Cu~ r and An * ~~ occur more 
often in combination, proves that these distributions are not stable. 
Spectroscopic considerations point to exactly the same conclusion.* 
The theory of diamagnetism has been abundantly tested in the 
case of ions in solutions and in salt crystals. Jogs a was the tirst 
to apply the theory to solutions of the alkali halides. In solution 
these salts are dissociated into alkali ions with a single positive 
charge, and halogen ions with a single negative charge. The 
ions possess exactly the same number of electrons as members of 
the inert gas series, and, presumably, the same electronic con¬ 
figuration. To take a concrete ease, a solution of KC1 will contain 
K 4 " ions and Cl~ ions, both with eighteen electrons, the same 
number as in the inert gas argon, which falls between chlorine and 
potassium in the periodic table. Owing to its larger nuclear 
charge, -f- 19, the K ion will be smaller than the Cl~ ion with 
nuclear charge -j- 17. Joos makes the assumption that the linear 
dimensions of the electronic system are inversely proportional to 
the nuclear charge, and that the susceptibility is. therefore, 
inversely as the square of the charge. 

More recently, Ikenmeyer.J a differential method, 

measured the effect of a non-homogeneous magnetic held on a rod 
suspended in an aqueous solution of the salt under test. He found 
that the susceptibility of the solution is a linear function of the 
concentration within the range of the investigation. It follows 
that there is no perceptible mutual action between the ions in the 
solution, and his results showed that : 

X = C *X* + ( x — c «) 

where Xs ar ^ Xw are susceptibilities of the solution, salt and 
water, respectively, and C s is the concentration of the salt. Values 
were found for the molecular susceptibilities of the twenty salts 
investigated, and these gave an approximately linear function 
when plotted against the sum of the nuclear charges of the ions 
forming the molecule. From these results an estimation was 

* See Grimm and Sommerfeld, Zeiis. f. Phys., 36, 36 (1926). 
t Ibid 19, 347 (1923) ; 32, 835 (1925). 
t Ann. d. Phys 1,169 (1929). 
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made of the relative contributions of the anion and kation to the 
susceptibility of one particular salt, in a manner similar to that 
made by Joos, and a series of ionic susceptibilities was determined 
by comparing different salts containing the same anion or kation. 
His results for the molecular susceptibilities of different salts are 
given in Table VII. 


Table VII. Molecular Susceptibilities (xm)* 


Salt. 

*AT :10# * 

Salt. 


Salt. 

x M y.io*. 

LiCl 

— 24-4 

BbBr 

— 66*1 

CaCl 2 

— 51*7 

NaCl 

— 30*8 

Lil 

— 53*8 

S rCl 2 

- 66*1 

IvCl 

— 37-2 

Nal 

— 59*7 

BaCl„ 

— 80*6 

LiBr 

—38*8 

KI 

— 66-1 

MgBr 2 

— 74-1 

XaBr 

—45-2 

Csl 

— 95*0 

SrBr 2 

— 95*0 

KBr 

— 51*7 

MgClo 

— 45*2 

BaBr s 

— 109*5 


Taking ^ = — 95*0 X 10~ 6 for caesium iodide, Ikenmeyer found 
the relative susceptibility contributions of the anion and kation 
to be : 

Cs+ = — 45*75 X 10 6 , 

I- = — 49*25 X 10 6 . 

From the values of the molecular susceptibilities, given in 
Table VII, and the values of the gram-ion susceptibility. of the 
Cs + and I~ions, he derived the gram-ion susceptibility of other 
ions, the results being shown in Table VIII. 


Table VIII. Susceptibility per Gram-ion x 10 6 ). 


Ion. 

Xi X 10 ■. 

Ion. 

Xi X 10«. 

Ion. j 

Xi X 10*. 

F- 

(-13-9) 

Li+ 

— 4-0 

Mg + + 

— 4*5 

Cl- 

—20-4 

Na + 

— 10*4 

Ca+ + 

— 11*0 

Br~ 

—34-8 

K+ 

— 16-9 

Sr+ + 

— 25*4 

I- 

—49-25 

Rb+ 

—31*3 

Ba+ + 

—39*9 



Cs+ - 

—45-75 
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If the molecular susceptibility, of a salt is plotted against 
the sum of the atomic numbers of the constituents, Z M , a linear 
relationship is obtained, which may be represented by : 

X.M ~ C V^M ~T 

where c x — 0*80 x 10~ 6 and c 2 — 8-30 X 10~®. 

In a similar manner the relationship between the gram-ion 
susceptibility, and the atomic number, Z, of the ion is, from 
the curves relating x - and Z, 

— Xi = c i z - c O 

tV X 10 6 for the halogen, alkali and alkaline earth ions being 6*7, 
1-60 and — 5*1, respectively, and c x , the same for the different 
series of ions. Thus, to a first approximation, the mean square of 
the electronic path radius, r 2 , is independent of the number of 
electrons, and a numerical calculation gives r- = (0-531 >i 10~ 8 d, 
the quantity in brackets being the radius a Q of the innermost orbit 
in the Bohr hydrogen atom. This average value of r 2 is of the 
right order, since atomic radii are, in general, small multiples 
of 10~~ s cm. In the ease of the same electronic configuration. 

K , A, Cl - , there should be a decrease in size, and hence in 
susceptibility, with increasing nuclear charge. This is so for these 
three elements : 

K+, Xi = — 10*9 x 10 6 , 

A, Xi = ~ 18 *° x 1°“ 6 > 

Cl“, Xi = — 20 '1 x 10 6 . 

Aecording to the orbital theory, the mean value of r 2 for an 
n, k, orbit is : 



where a Q equals h 2 ,’1 e rr 2 m 0 Ze 2 , the radius of a one-quantum orbit, 
i.e., the innermost orbit in the hydrogen atom. Thus the 
contribution which this orbit (n, k) makes to the atomic 
susceptibility, Xa , is : 

- 2-85 X lO 10 ^ 2 , 

or, putting in numerical values for a 0 , 

n 2 f 5 3 \ 

— 0-81 X 10-e n 2 — - k *J .... (5) 

It. A.PHY. S 
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Van Vleck,* using the new quantum mechanics, finds that, 


from which the susceptibility per gram-atom is : 


= — 0*81 X 10” 


< n a 
'Z 2 \2 


) ■ 


(?) 


Pauling f also deduced an expression for the atomic suscepti¬ 
bility from the wave mechanics theory, introducing a screening 
constant S t defined by the equation : 


Z' = z — s. 


where Z'e is the effective nuclear charge, and Ze the true nuclear 
charge. This screening constant is qualitatively explained as 
due to the action of electrons which are nearer the nucleus than 
the electron under consideration, and which, in effect, partially 
neutralise the nuclear field. Pauling deduced the formula : 


Xa. = — 0'804 X 10~ 6 


-4 n 2 f 5 
*{Z —~S)* \2 ” 


2 


His calculated values for the rare gases agree fairly well with the 
experimentally determined values, thus : 

Gas. Helium. Neon. Argon. 

Calculated x A X 10 6 . — 1-54 — 5*7 — 21*5 

Observed x A X 10 6 . — 1*87 — 6*62 — 18*0 

In addition, Pauling calculated the susceptibility of various 
ions. For helium-, neon-, and argon-like ions, as well as for the 
cuprous ion, the agreement with his predicted values is satisfactory, 
but for the more complicated ions the experimental values are low. 

Stonerusing Hartree’s § method of determining how the 
charge per unit radial distance varies with the distance from the 
nucleus, has calculated the diamagnetic susceptibility of ions. 
The results, calculated by Pauling and Stoner, together with 
experimental values,)) are given in Table IX. 

* Ptoc. Ned. Acad. Sci., 12, 662 (1926). 

t Ptoc. Roy. Soc., A , 114, 181 (1927). 

X Ptoc. Leeds Phil. Soc., 1, 484 (1929). 

§ Ptoc. Comb. Phil. Soc., 24, 89 (1928). 

1 See Weiss, Journ. d. Phys. 3 1, 185 (1930). 
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Inn. 

Calculated Values. 


Lx^-ri racial 

v.i: i" 


Pauli. ; 

Stoner. 

Hobart. 

R irl,» littl'-r. 

Ki- al. 

Ik 

ci- 

29 

40*39 

23*1 — 0*0 

23*0 

23 1 

20* i 

Br- 

54 

— 

33*9-1*2 

33*0 

317 

3 US 

I- 

80 

— 

49*5—1*7 

31*3 

49*8 

49-25 

Na-r 

4 2 

5*47 

8*2 — 0-9 

— 

7 0 

TO 1 

K> 

16-7 

17*04 

10*5 ± 0*9 

i — 

TOO 

10*t* 

Rb + 

35 

30*12 

— 

— 

24 3 

31*3 

Cs- 

55 

— 1 

— 

— 

38-0 

45 * 7 5 

Mg-f-f 

3 2 

- ; 

5*15 — 2*0 

— 

8 0 

4-5 

Ca+ -r 

13*3 

— 

10*6-1*8 

! __ 

12-2 

11*0 

Sr~ + 

28 


18*9—1*0 

, ■ 

20-0 

25 4 


Weiss * used, the results of Hogart for XaCl and KC1, when in 
solution and when crystalline, and the values of the refraction of 
ions obtained by Fajans and Joos,t to provide a means of deducing 
the changes of diamagnetism and refraction brought about by 
solution. He deduced that the hydrogen ion H~ in solution was 
paramagnetic, ^ H -r = 1-1 X 10~ 6 , whereas Reichenedcr J had 
assumed its susceptibility to be zero. 

The agreement between the theoretical and experimental results 
indicates that we are justified in assuming that every electronic 
orbit is acted upon by the magnetic field in the sense of change of 
velocity of the electron, and so takes part in the diamagnetic 
effect. In other words, diamagnetism is a universal property 
which, in the case of strongly paramagnetic bodies, is masked by 
the superposition of the much greater paramagnetic susceptibility. 

5. Diamagnetism of Molecules. We may regard the suscepti¬ 
bility of a molecule as the sum of the effects of the various electronic 
orbits associated with each nucleus, or as the sum of the atomic 
susceptibilities, modified according to the manner in which the 

* Loc. cit. 

+ Phys. Zeits. t 19, 374 (1923) ; 32, 835 (1925). 

t Ann. d. Phys., 3, 58 (1929). 
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atoms are bound together to form the molecule. Hammar * 
showed that the volume susceptibility of a gas—air, oxygen, 
nitrogen, carbon dioxide and hydrogen—is directly proportional to 
its pressure. Glaser f found that this relationship failed at low 
pressures, but Lehrer’s results J agree with those of Hammar. 

It is usually easy formally to represent a diamagnetic molecule 
as derived from a neutral group of ions—that is, a group of positive 
and negative ions, for which the algebraic sum of the charges is 
zero. We can then consider the diamagnetic changes brought 
about by the approach of the widely separated ions of the neutral 
group, first to form the molecule, and afterwards, by an imaginary 
forced merging of the ionic nuclei, to form a single so-called 
merger atom. For example, the neutral group K 4- -f- Cl~ gives 
the molecule KC1 and the merger atom Kr. In the formation 
of the molecule from the ionic group, owing to the three nuclei, 
there should be a decrease in the diamagnetism, and the 
diamagnetism of the merger atom should be less than that of 
the molecule, due entirely to the increased nuclear charge. This 
presupposes that the electrons are the same in number, con¬ 
figuration and quantisation. For example, assuming that the 
ionic susceptibility of H 4 is zero, and taking that of N to be 
— 22 X 10“ 6 , the molecular susceptibility of NH 3 , i.e. 9 8H 4 -+- 
X is — 22 X 10~ 6 , whereas the experimental value is — 17-05 
X 10 6 „ and that of the merger atom, Ne, — 5-7 x 10“ 6 . The 
electrons in X and Ne are the same in number, configura¬ 
tion and quantisation. The loss of diamagnetic susceptibility 
when the two ions form the neutral group is due, not only to the 
increased nuclear charge, but also, in part, to the development of 
a weak form of paramagnetism. For further examples the reader 
is advised to consult a paper by Gray and Farquharson.§ 

6. Diamagnetic Crystals. Several investigators || have shown 
that when one half of a single crystal of bismuth is allowed to 
crystallise in a strong magnetic field, different orientations are 

t Ann. d. Phys ., 75, 459 (1924b 
t Zeits.f. Phys., 73, 155 (1926). 

§ Phil. Mag., 10, 191 (1930). 

j| See Goetz, Phys. Rev., 35, 193 (1930). 
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affected in different ways. The effects are a maximum if the 
principal axis is perpendicular to the field, and a minimum if the 
axis is parallel to the field. This at once leads to the conclusion 
that, if the susceptibility is a contributory factor in the effect, it 
must also have a maximum value perpendicular to the main axis 
and a minimum parallel to it. Nusbaum * has found that the 
mass susceptibility, for bismuth, in a direction parallel to the 
principal axis is — 1*13 x 1 G~ 6 and in a perpendicular direction, 
— 1*32 X 10“ 6 . Corresponding values for antimony are — 0*497 >: 
IQ -6 and — 1*38 x 10 -6 , respectively. 

Several other investigators have shown that the susceptibility 
varies with the direction in a crystal, e.g Focke v with bismuth, 
McLennan and Cohen % with bismuth and antimony. McLe nnan, 
Ruedy and Cohen § with zinc and cadmium, Raman with 
graphite. In the latter case the diamagnetic susceptibility 
normal to the plane of the ring is — 18 >: 1(J“ 6 , whilst in the plane 
of the ring it is — 2 x 10“ 6 . The value can be decreased to 
that for sugar charcoal by powdering the graphite, in other words, 
particle size determines the magnetic susceptibility of graphite. 
Haas and van Alphen’s ^ results show that the susceptibility of 
bismuth at low temperatures (liquid hydrogen) is a periodic 
function of the field. The susceptibility in direct ions per pern iieular 
to the principal axes is a complicated function of the field and of 
the angle between the binary axes and the field. 

7. Diamagnetism in the Paramagnetic Elements. It has long 
been known that compounds of some paramagnetic elements 
occasionally show diamagnetic quality, especially Fe, Co, Ad, Ft 
and Pd. Welo and Baudisch ** carried out accurate determina¬ 
tions of the susceptibility of specially prepared samples of complex 
salts containing iron, and found a number of them diamagnetic. 
They suggested that the diamagnetism of these salts is 
due to the fact that the atoms of paramagnetic elements 

d 29, 905 <1927). 
t Ibid., 36, 319 (1930) 

t Hoy. Soc. Canada , Trans., 23, 159 (1929). 

§ Proc. Roy. Soc., A, 121. 9 (1928). 
ii Proc. Phys. Soc., 42, 309 (1930) 

*' K. Akad. Amsterdam, Proc., 33, 1106 (1930j. 

** Nature, 116, 606 (1925). 
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have gained a sufficient number of electrons from neighbouring 
atoms, by sharing and transfer, to attain the electronic configura¬ 
tion of a rare gas. For example, potassium f errocyanide K 4 Fe(CN) 6 
has long been known to be diamagnetic. Now each univalent 
atom of K will contribute one electron to the iron atom by transfer. 
Each CN group will add one electron by sharing. The electronic 
structure of the iron atom, originally with 26 electrons, thus gains 
10 electrons and assumes the structure of the rare gas krypton 
with 36 electrons. 

Co and Ni are also shown to assume the electronic structure of 
Kr in the diamagnetic compounds which they form. Welo and 
Baudiseh extended their theory to explain the paramagnetic 
quality of certain other complex salts. 

Although the main lines of the theoretical treatment of 
diamagnetism are clear, there are several points to be explained, 
and many more experimental results are required. For example, 
there are very few accurate measurements of the variation of 
susceptibility with change of state or change of structure, or of 
the difference between the susceptibility of an ion in solution and 
in solids. 

8. Paramagnetism. The magnetic moment of an atom is the 
vector sum of the moments of its electron orbits and spinning 
electrons. If this is zero in the absence of an applied magnetic 
field, the atom is diamagnetic, but if it is not zero the atom is 
paramagnetic, and tends to turn so as to set the axis of the 
resultant magnetic moment parallel to the magnetic field. Thus 
the intensity of magnetisation of the substance, composed of such 
atoms, is increased. The effect of the magnetic field on the 
electron orbits, which produce diamagnetism, must also occur in 
paramagnetic substances, but it is usually far too small to be 
appreciable, compared with the paramagnetic effect of the perma¬ 
nent moments of the atoms. 

A theory of the paramagnetism of gases and liquids was first 
derived by Langevin,* on the assumption that the molecules of a 
gas were small permanent magnets, without transverse dimen¬ 
sions, so that the principal moment of inertia about the magnetic 
* Ann . Chim. Phys ., 5 , 70 ( 1905 ). 
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axis of each was zero. The treatment was classical, and it was 
assumed that all magnetic states—all relative orientations of a 
magnet and the applied magnetic field—were permissible. The 
temperature dependence of paramagnetic susceptibility arises, on 
this theory, from the increasing number of collisions with increas¬ 
ing temperature at constant volume. The equation deduced by 
Langevin and known as Langevin’s function is : 

I fill kT 

I, — COth kT ~ iJi’ 

where I is the intensity of magnetisation per unit volume. I,, the 
saturation value of I, i.e ., all the molecules in alignment with the 
magnetising field, p, the magnetic moment per molecule and k, the 
gas constant for one molecule. When pH .kT is small, as is usually 
the ease, 

., & _ kT _ jmH 
kT fx.Il ~ 3kT’ 

I ,xH 

and I, — 3kT . (S) 

If n v be the number of molecules per unit volume, /i,, the 
number per unit mass and n u , the number per gram-molecule, then 
l s = n r fjL, and the volume susceptibility , is given by : 

I HJU , 2 

X- =1 h = 3 kf' 

The mass susceptibility, is : 

X n v X* 3 kT T' 

while the susceptibility per gram-molecule, ^ M , is : 

#2 

XM — 3kT — SRT > 

where n M k— R, the gas constant per gram-molecule, and < 

the saturation value of the magnetic moment per gram-molecule. 

This last equation, known as Curie’s law, is usually written : 

Cm 
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where C M — -%> is Curie's molecular constant . Thus, for a para- 

magnetic substance which rigidly obeys Curie’s law, a single 
determination of gives the saturation value, cr 0 , per gram- 
molecule. 

The substitutes for Langevin’s theory, which are acceptable in 
quantum mechanics, differ from it principally under extreme condi¬ 
tions. The new expression for relative intensity of magnetisation 
in terms of the saturation value : 

£ , . h-H 

I — tanh kJ ,, 

can hardly be distinguished for wide ranges of H and T from 
Langevin's expression. Schidhof * has recently discussed the 
range of validity of the quantum result, and shows that it is not 
applicable near T — 0. 

Langevin’s theory predicts that in weak magnetic fields para¬ 
magnetic susceptibilities should vary inversely as the absolute 
temperature. This agreed with the previous experiments of Curie 
upon what he regarded as typical paramagnetic substances. As 
data accumulated, it became apparent that many paramagnetic 
crystals, and crystal aggregates, shew a # more complicated 
dependence upon temperature, while in other cases the para¬ 
magnetic susceptibility does not vary wdth temperature to any 
appreciable extent.f Weiss pointed out that the form of Curie’s 
law could, at least in many cases, be preserved by measuring 
temperature, not from absolute zero, but from an origin chosen to 
give the best fit with the data. In the case of media which, at 
low temperatures, are ferromagnetic, this arbitrary origin, as 
derived from high-temperature paramagnetism, agrees fairly well 
with the temperature at which the ferromagnetism disappears on 
heating, i.e., the ferromagnetic Curie point. It is therefore 
customary to describe the temperature at which the value of the 
paramagnetic susceptibility, extrapolated from higher tempera- 

* Helv. Phys. Acta , 1, 578, 601 (1928). 

t See Collet, Comptes Rendus, 183,1031 (1926) ; Trans . Amer. Electros. Soc., 
55, 79 (1929) ; Holgersson and Serres, Comptes Rendus, 191, 35 (1930). 
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Hires, would become infinite, as the paramagnetic Curie point. 
The discrepancies between ferromagnetic and paramagnetic Curie 
points have been discussed by Forrer.* 

Weiss f assumed that within a magnetic body there exists a 
molecular field, produced at any point by all the molecules in the 
neighbourhood of that point. This field, H 0 , is assumed propor¬ 
tional to the intensity of magnetisation, i.e., 

H 0 = al. 

The total field, H, is thus composed of the internal field // 0 . and 
the applied field H A , or, 

H = H a -j- H 0 . 

Hence from equation (8), 

I p{H A + al) 
l s ~ SkT 

If p is the density and M, the molecular weight of the substance, 
I == pcr/M , where a is the gram-molecular moment, and so, 

5 _ g o (it x a P a \ 
a 0 3RT \ A ~ r M ) 

a _ a o “ Cm s c . k 

and x.31 — h a ~ sr(t —e) ~ t — e ’ ' ‘ ' 


where 


__ cl per o 2 _ op 

U ~ 3RM ~ M ^ 


Equation (9) which may also be written in the form : x == C t (T — #). 
is known as the Curie-Weiss law 0 being the Curie temperature . 
or Curie point. 

Unfortunately for the simplicity of the Curie-Weiss law, the 
paramagnetic Curie point is often below absolute zero, and even 
when it lies high enough to be accessible, it is found that the law 
of variation of susceptibility changes as the critical temperature 
is approached, most substances remaining merely paramagnetic 
however much they may be cooled.t The linear relationship 

* Journ. d. Rhys., 1, 49 (1930) ; Comptes Rendus, 191, 1046 (1930). 

t Comptes Rendus, 156, 1674 (1913). 

| See Woltjer and Wiersma, Proc. Akad. Amsterdam , 32, 735 
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between 1/^/ and T generally breaks down. Weiss interprets such 
results as indicating allotropic modifications at definite tempera¬ 
tures, the low-temperature modification possessing a paramagnetic 
Curie point, different from that of the high temperature form— 
lower if ferromagnetism is successfully evaded. Others prefer to 
regard these results as proving that the simple inverse pro¬ 
portionality of atomic susceptibility and corrected temperature is 
an approximation at the best, which diverges more and more from 
the facts as the system becomes more and more degenerate, i.e., 
less and less classical, with decreasing temperature. Schidlof * has 
proposed equations, which predict that at very low temperatures, 
the magnetic susceptibility should increase very slowly, by only 
one-third of its value—supposed finite—at the pseudo Curie 
point—here always positive—in passing from that temperature to 
absolute zero. 

In crystals which do not belong to the cubic system the 
susceptibility varies in different crystallographic directions, and 
the change of susceptibility with temperature also depends upon 
the direction, so that one crystal may have several paramagnetic 
Curie points and several Curie constants, according to its 
orientation in the magnetic field. This suggests very forcibly 
that whatever these characteristic quantities really represent, they 
depend in some way upon the usual (most stable) orientations of 
the unitary magnet within the crystal. These, in turn, must be 
fixed by the mutual effect of adjacent atoms in that systematic 
arrangement which distinguishes crystals from fluids. As regards 
paramagnetic, as distinct from ferromagnetic, crystals, theory has 
made but little progress in the analysis of these effects. 

Since paramagnetic effects must cease to be apparent when all 
the unitary magnets are co-directed, while diamagnetic effects 
depend directly upon the applied field intensity, up to the 
maximum intensities yet available, it is apparent that at a suffi¬ 
ciently high field intensity all paramagnetics should become 
diamagnetic. Such transitions have been observed f in the case of 
alloys, which are however only feebly paramagnetic. 

* Zs*c. cit. 

t See Overbeck, Ann. d. JPhys ., 46, 677 (1915). 
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Langevin’s theory of paramagnetism, long recognised as 
insufficient, has been replaced by a more general treatment due to 
Cabrera.* He obtains Langevin’s formula from the following 
hypotheses : (a) the electronic configurations which belong to the 
more superficial layers of the atom are thrown out of order each 
time the atoms come within a certain distance of each other ; 
(b) the reorganisation takes place in such a way as to conserve the 
magnetic moment; in the case where there is an external field, the 
probability of each orientation of the magnetic axis depends on the 
field, and on the action of neighbouring atoms. 

For the paramagnetism of metals no theory existed until Pauli 
explained it as due to the spin of the free electrons, contained in 
the metal (Section 9, Chapter II). A more exact expression for the 
volume susceptibility of metals is. 


X- = Xo + 


(8'77“A')“ ?n 2 fj. 2 

3 3 h 6 ’ n 


T*= X o- 


T 2 


10 7 


where 


x.-*- !(I)’ 


As n is of the order of 10 22 (atoms per cubic centimetre), it becomes 
evident that the influence of the temperature is negligibly small. 
There is, indeed, no other property of the metal which is so inde¬ 
pendent of temperature as its magnetic susceptibility. Thus it 
would seem that some measurements, which have given a change in 
susceptibility with temperature, viz., aluminium, manganese, etc., 
require to be verified. 

Pauli,f and later Sonimerfeld,J neglected the presence in the 
metal of the remainder of the atoms, but the free electrons must 
interact to some extent with the ions, and in a complete theory this 
interaction will have to be taken into account. 

9. The Magneton. Weiss contended that whenever we can 
determine directly, or indirectly, the magnetic moment of an 
atom, this moment is found to be a whole multiple of a single 
elementary magnet, the magneton . The elementary moment per 

* Joum. d. Phys ., 8, 257 (1927). 
t Zeits.f, Phys,, 41, 81 (1927). 
jRml, 47, 1(1928). 
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gram-atom is 1123*5 gauss-cm., corresponding to a value for 
the unit magnetic moment per atom, i.e ., the magneton, of 
1*85 X ID" 21 gauss-em. 

Since 

cr 0 a 

C -SL 

~ 3 R* 


the magnetic moment per gram-molecule can be calculated from 
the value of Curie's constant, and is usually expressed as p Weiss 
magnetons. Thus : 


= 

P 1123-5 


= 14-07 Cj/. 


To determine the value of it is not necessary, in practice, to 
produce saturation conditions, which are, in fact, very difficult to 
obtain. We may, for example, measure the susceptibility at ver} T 
low temperatures. With ferromagnetics, the susceptibility may be 
determined at temperatures well above the Curie point, when the 
substance becomes paramagnetic. At such temperatures 

_ C 

X-u ~ t — e' 


Then again, we may use solutions of paramagnetic salts, and from 
the formula : 


X 


Cm 
T ’ 


determine the value of C M . 

A fixed number of magnetons is not, however, invariably associ¬ 
ated with an atom of a given element. Thus when — is plotted 

Xm 

against T for a ferromagnetic substance above the Curie point, 
the curve consists of a series of straight lines of different slopes, 
which suggests that if we admit the idea of the Weiss magneton the 
number of magnetons associated with a given kind of atom changes 
abruptly at different temperatures. Also, in the case of solutions, 
the number of magnetons associated with a given atom depends 
on the valency of the salt in solution. Metallic nickel, for example, 
has three magnetons at temperatures near the absolute zero, eight 
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at temperatures 500° C.—900 = C., and nine above 900" C. Com¬ 
bined as a salt, it can have either fifteen or sixteen magnetons in 
the solid state, and sixteen in solutions. In other cases variations 
from a -whole number of magnetons are found. 

From the simple Bohr orbital theory for the unit quantum state, 
the value of the magneton is 5,589 gauss-cm, per gram-atom, 
a value which is almost exactly five times that of the Weiss 
magneton, but here, again, the number of Bohr magnetons found 
experimentally for different atoms are seldom multiples of 5. 
The infrequent occurrence of multiples of 5 Weiss magnetons, 
however, can be explained on the quantum theory as follows : 

According to the classical theory any orientation of the elemtm- 
tary magnet is possible, but on the quantum theory the orientations 
are quantised. Now, in the equation : 

„ °o 2 
X J/ SRT 

the factor is the result of taking the average value of cos 
where <f> is the angle between the magnetic moment and the 
magnetic held, the magnets being supposed distributed at random. 

On the quantum theory the mean value of cos 2 6 for a discrete 
number of values of cj> must be taken, so that a different value of 
cos ~(f> is obtained for every different quantum number, where the 
bar denotes an average value. Pauli * has shown that: 

1 (n >(2n~l) 

COS ‘^ = 3 2n J 

n being the number of Bohr magnetons in the elementary magnet. 
As n approaches infinity cos 2 <£ tends to 13, the value according 
to the classical theory. 

Pauli excludes the case where the moment of the elementary 
magnet is perpendicular to the field. For n =1, <f> — 0, and all 
magnets are parallel to the applied field. For n = 2 , 6 = 0 or 
60°, both directions being equally probable, and cos 2 <£ = f. 
Thus, the number of Bohr magnetons in a given molecule is not an 
integral number, as it would be if all directions in space were 


Fhys . Zeiis ., 21, 615 ( 1920 ). 
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permissible for the magnetic moments, but a fractional number, 
the value of which depends upon the number of space quanta 
allotted to the orbit. Taking the simplest case, n = 1, cos 2 <£ = 1, 
so that ctq 2 has the values : 

o* 0 2 — . Langevin theory 

o" 0 “ == RTy^ M . . . Quantum theory 

Thus, according to the quantum theory, the value of the magneton 
is increased to times the value of the Weiss magneton. As the 
value of the Bohr magneton is approximately five times that of 
the Weiss magneton, if n — 1, the value of the former should 
be 5\/3 — 8*7 times a Weiss magneton. Similarly, if n = 2 the 
value should be 13*7 times a Weiss magneton. 

Experimental results show that the number of Weiss magnetons 
in O a and NO are 14-2 and 9*2, respectively, numbers which 
approximate closely to those calculated above for n = 2 and 1, 
respectively. 

Paulis’ theory has been modified by later workers, particularly 
Sommerfeld.* We have shown in Section 1 that the magnetic 
moment, resolved in the direction of the magnetic field, is mg 
Bohr magnetons, where m can take the values + j, + (j — 1) 
. . . — j. Under these conditions it can be shown that : 

faM *) 2 3+1 
— 3 RT • j ’ 

where M B is the Bohr magneton per gram-atom. 

UM W is the value of the Weiss magneton, and p the number of 
Weiss magnetons per gram-atom, 

l (P-Mwr)* 

X- M - 3 RT ’ 


and from these two expressions, 

*-bsr 


) 


+ i 

' Z J 

3 


or. 


p = 4*97 j g 




( 10 ) 


* Zeita.f. Pkys., 19,231 (1923) ; see also Hand, ibid., 33, 855 (1925). 
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since we know that M B fSL w = 4*97. Thus, the number of Weiss 
magnetons per gram-atom can be calculated for any atom or ion. 
The simplest case is that of atoms in an S state, when the magnetic 
moment is entirely due to the electron spins, i.c.. g = 2, j — s. so 
that : 

p == 4-97^/4s(s — 1).(11) 

Permitted values of s are 0, 4, 1, 14, . . . corresponding to 0. 1, 
2, 3 . . . unbalanced electrons, the magnetic moment being 
0, 1, 2, 3, . . . Bohr units. For s = 4, 1, 14. etc., p = 8*G. 141, 
19*3, etc. Hund,* using expression (11) obtained values for p, 
which agreed closely with the experimental values for the rare 
earth ions. For the ions of the first transition group, however, the 
sequence of p values given by the theory was completely different 
from that observed. 

Van Vleck, f in his treatment of paramagnetism on the basis of 
the new quantum mechanics, obtains the same expression (11) 
for the case where the multiplet intervals are large. When the 
multiplet intervals are small, he shows that the spin and orbital 
moments (s and 1) are quantised separately, relatively to the 
axis of the field, and obtains in place of expression (11) : 

p = 4-97\As(s + 1)t1(1-1) - - - . (12) 

10. Susceptibility of Ions. Experimental measurements of the 
susceptibility of metallic ions are carried out, either with solutions, 
or with solid salts of the metals. If we suppose the susceptibility 
of a solution of a paramagnetic salt to be proportional to the 
concentration, we can attribute a certain susceptibility per unit 
mass to the dissolved salt. A correction must be made for the 
diamagnetism of the solvent. In many cases the susceptibility of 
the paramagnetic ion is large compared with that of the diamag¬ 
netic radical, combined with it in the salt. Now all atoms are 
essentially diamagnetic, the paramagnetism being superimposed, 
but a simple calculation shows that the subadjacent diamagnetism 
is negligible for the ions-seandium to nickel. Thus, we can obtain 

* Zeits.f. Phys., 19, 221 (1923). 
f Phys. Rev., 31, 587 (1928). 
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from the measurements made with solutions a value for the 
susceptibility per gram-ion ^ of the metallic elements. In 
general, the solutions obey Curie’s law, but as Foex * has shown, 
very concentrated solutions may deviate from the law, and for such 
solutions the susceptibility, follows the Curie-Weiss law, 
^ — C (T — 8). In either case the value of C may be deter¬ 
mined experimentally, and both the saturation value cr 0 2 and the 
elementary magnetic moment, calculated. 

The apparent ionic susceptibility in many cases varies with the 
concentration. Thus with cobalt salts the value of p for Co' 4 '^ 
varies between about 24 and 25 ; the addition of acid may cause 
the apparent p value to fall below 23. On the other hand, nickel 
chloride, in concentrations ranging from 0*62 to 22*69 per cent., 
gives a p value for Xi' 4 " ^ which is constant to within about 4 per 
cent., the value being practically the same for different salts. 
There are also indications that 8 in the equation ^ = C/(T — 8) 
is not constant. Birch t has found with CuCl 2 in solution that 
from 0° — 40° C., 8 = 4- 10 and p = 9*01 ; from 40°—85° C. 0 = 
— 65, p = 9*98. 

Most paramagnetic salts obey the Curie-Weiss law J down to 
about 80^ K., but some of them show' deviations at lower tempera¬ 
tures, such that the susceptibility ^ increases less rapidly with 
fall in temperature than is given by this law\ 

In addition, the value of 8 depends on the content of w r ater of 
crystallisation. Thus, for a series of nickel compounds, the 8' s 
have the following values : XiS0 4 , —79*4, XiS0 4 , 7H a O, -f- 62*2, 
XiS0 4 (XH 4 ) 2 S0 4 .6H 2 0, —4, and for the cobalt compounds : 
CqS 0 4 .7H 2 0, - 13*7,“ CoS0 4 .(XH 4 ) 2 S0 4 .6H 2 0, -22. The 

values of 8 in a series of similar substances do not follow" neces¬ 
sarily the order of water of crystallisation of the substance, 
and may be positive, or negative, in the same series of com¬ 
pounds. 

Jackson § showed that there is definite variation in the magnetic 
moment of different salts containing the same ion. In a series 

* Ann. d.Phys., 16,174 ( 1921 ). 

f Jour. d. PhifS. y 9,137 (1928). 

I Leiden Comm., Nos. 122 (a), 124 (a), 129 (b), 132 (e), 139 (e). 

$ Phil . Tram., A , 224, 1 (1923). 
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of careful experiments he found the following values «*f p for 
different nickel salts : 

XiS0 4 . p = l*>f> 

XiS0 4 , THoO . . . . p = 1PG2 

NiS0 4 (XH 4 ) 2 S0 4 , 6H.O . . p = 15-U 

The apparent p value, calculated by the standard method for the 
same ion in different salts, may vary considerably ; the same salt 
may also behave differently, magnetically, according to its thermal 
treatment, and give different p values over different ranges of 
temperature. The extensive investigation of Chantillon * on the 
cobaltous ion shows how widely the magnetic moment may vary 
(from 22 to 2G). 

The ions of the first transition series have been studied most 
completely ; this is the iron series, with from 18 to 2s electrons in 
the ions. Although there is considerable variability in the 
magneton values for some of the ions, for ions with the same 
numbers of electrons the values cluster closely round fairly well- 
defined means. These, however, do not correspond with those 
calculated by means of equation (10) from the anticipated ground 
states of the ions. It seems as if the orbital moment 1 and vuh; 
moment s are best considered separately. The ions behave al¬ 
though they were free with respect to the spin moment, but not 
with respect to the orbital moment. 

The magnetic moments of the ions of the first transition series A 
calculated by means of equations (10). (11) and 1,12 *. are given in 
Table X. The experimental values have b en included, the 
index giving the positive charge on the ion. and the calculated 
and observed results are also shown in Fig. 40. Xone 
of the suggestions so far made seem adequate to account even 
qualitatively for some of the distinctive magnetic characteristics 
of these ions of the first transition series. Stoner % suggests 
that the p value should lie between : 

4-97 -\/4s(s + 1) ancl 4- 97V4s(s -f 1) — 1 (i — 1). 

* Annales d. Phys., 9, 18T (1928). 

f See Stoner, Phil. Mag., 8, 250 (1029). 

+ Ibid., 8, 250(1929). 
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Table X. Calculated and Observed Magnetic Moments of 
Ions of the First Transition Series 


Number of Electrons 

19 

1 20 

21 

22 

23 

24 

25 

26 

27 

4'{i7v 1) 

s-e i 

1 14-1 

19-3 j 

24-4 

29-4 

24*4 

19*3 

14-1 

S-8 

4 97yv / J f J - 1 > 

7-7 ! 

8-1 

3*9 

0 

29*4 

33*6 

33-2 

28-0 

17-7 

4-• 97'\/ 4s(s -r 1 ) -r K1 -r 1) 

14-9 

22-2 ' 

25 *S 

27*2 

29-4 

07-2 

25-8 

22-2 

14-9 

Observed values of p 
Solutions -j 

Solid salts 

V 4 

i 8-9 

1 

1 


Cr* 

18-2-19*1 

Cr* 

18*0 

M 4 

19*8 

Cr* 

23*8 

Fe a 

26-29*5 

Mn* 

29-4 

Fe 3 

29 

Mn* 

27-30 

Fe* 

26-5 

Fe* 

25-27-5 

Co* 

23-25 

Co* 

22-26 

1 

Ni* 

16 

Ni* 

14-5-17 

Cu* 

9-10 

Cu* 

9-11 


tending to the former value at low, and the latter at high, tempera¬ 
tures. 

Very little is known about the magnetic properties of the second 
and third transition series, of which the most characteristic 
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the thick vertical lines represent the range of observed 


Fig. 40.—Calculated and observed magnetic moments of ions of the 
first transition series. 
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elements are Ru, Rh, Pd, Os, Ir and Pt. Cabrera and Duperier * 
have examined the chlorides of these six metals and obtained the 
following results : 


Ion. 

RU"r + -r 

RhTTr 

Pd~^ 

Os~ ~ 

Ir _ j. * 

Pt - 

X x 10 ’ 

4- 95-2 

— 0*825 

-209 

4- 1*58 

- 0-48 

- 2-18 

Xa x10’ 

4-19120 

-| !'■■■ *o 

4-3-38 

4-82-75 

—47-2 

— 17-4 


Guthrie and Bourland f have also investigated the suscepti¬ 
bility of these metals. They found that Pd and Pt follow, 
approximately, a Curie-Weiss law, but that Ru. Rh, Os and Ir have 
paramagnetic susceptibilities which increase with temperature. 

The rare earths have been investigated in detail by Cabrera 
and Duperier ,% who have shown that the sulphates and oxides of 
Gd, Tb, Dy, Ho and Er conform to the Curie-Weiss law. but that the 
specific susceptibilities of the sulphates and oxides of Xd, Sm and 
Eu are better expressed by the equation : 

- 9) = C. 

The term k represents a susceptibility which is independent of 
temperature, and which is paramagnetic for elements in the 
neighbourhood of Sm, but diamagnetic for Tn and Yb. Its 
presence may be attributed to a deformation of the atom. The 
values found for p are as follows : 


Ion. 

Value of p. 

Ion. 

Value of p. 

lull. 

Value tip. 

La+ + + 

0 

Eu+ + t 

17-92 j 

Er- 

46-98 

Ce+ + + 

11-89 

Gd+TT 

40-07 

Tu— — 

35-85 

Pr+*!* + 

17-89 

Tb + + + 

47-92 

Yb~ — 

21-64 

Nd+ + + 

18-00 

Dy+ + + 

52-25 

Lu~~~ 

0 

Sn+ + + 

7*64 i 

Hot + + 

52-00 




It appears that the Gd ion exists in two magnetic states with 
38 and 40 magnetons, respectively. The values of p provide 
very clear evidence for the division of the rare earths into two 
groupings. Hund has also derived satisfactory values for the 

* Comptes Rendus, 185, 414 (1027). 
t Phys,Rev. y 37, 803(1931). 

J Comptes Rendus, 188, 1640 (1029). 
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magnetic moments of the different ions from the basic terms of 
the corresponding spectra. 

The behaviour of complex ions presents special difficulties. 
Weiss * suggested that the magnetic moment of a complex ion is 
equal to that of the normal ion of the same valence, or to that of a 
normal ion whose effective atomic number is greater by 4. One 
finds on applying this rule that the complex ferrous and cobaltic 
ions have no magnetic moment, the same as Cu^, and that the 
complex ferric ions have the same moment as Cu + _h . This is in 
accord with experiment. Weiss's suggestion is really a generalisa¬ 
tion of Kossels 5 law f which states that if we consider, not the 
atomic nuifiTjer. but the number of extra-nuclear electrons actually 
present in the ion, we find that a given ionic susceptibility 
corresponds to a given number of electrons, no matter what the 
nuclear charge may be. Ions with the same number of electrons 
have the same susceptibility. Ivossel’s law has been verified 
experimentally by Cabrera. J 

Welo § has obtained several important results from an 
exhaustive study of the paramagnetism of 124 complex salts, 
all in the form of powders. 

11. Low Temperature Results. The question whether para¬ 
magnetic substances would show a saturation-effect at high field- 
strengths, has always been considered a very important one. 
Although it can hardly be assumed that the susceptibility will 
remain independent of the field strength when the latter is very 
high, yet with the highest fields available this appears to be 
the ease. Xow, according to Langevin’s theory, if we write 
a = fill AT, as long as a remains below 0*75, the changes of 
susceptibility with the field strength escape the ordinary method of 
observation and, at ordinary temperatures, even a substance as 
strongly paramagnetic as oxygen gives for a , with a field of 
100,000 gauss, a value which is less than 0-05. On the other hand, 
lowering the temperature does provide a means by’ which the 
observation of paramagnetic saturation might be attained, and 

* Trans Amer. Eleciroc. Soc ., 55, 75 (1929). 
t Ann . d . Phys 49, 229 (1916). 
t Joum. d. Phys 3, 443 (1922). 

§ Phil. Mag., 6, 481 (1928). 
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liquid-helium temperatures have been used by Kamerlingh Onnes 
and his collaborators for this purpose. 

They investigated gadolinium sulphate. In early experiment', 
it was shown that this solid follows Curie’s law down to the freezing- 
point temperature of hydrogen, and there was no sign < if saturation 
which, as Langevin’s theory indicates, if it existed at that tem¬ 
perature, would be ferromagnetic in its nature, since paramagnetic 
saturation at the corresponding value of a would not yet be clearly 
observable. 

Later, Woltjer and Onnes * measured the magnetisation of the 
salt at the temperature of liquid helium, 1-31 : K. Taking into 
account the difficulties of the experiment, the experimental and 
theoretical values of cr/c7 0 agree very well, and it may be concluded 
that powdered gadolinium sulphate, Gd 2 [S0 4 ] a . SILO, follow', 
Langevin’s formula down to 1*3 C K. 

The highest magnetisations obtained were about S4 per cent, of 
that corresponding to perfect parallelism of all the elementary 
magnets. For the Curie constant they found : 

C = 002024, 

which indicates a value of p = 38*65 Weiss-magnctons. TLh 
gives, for the field, 22,230 gauss, which they used, 

a == 6-9S2. 

The saturation moment, calculated from the value of the 
susceptibility in comparatively small fields, is approximately equal 
to the saturation moment which would be observed in very strong 
fields. 

Woltjer f investigated anhydrous CrCl 3 , CoCL and XiCl 2 . With 
all of these salts, down to the temperature region of liquid-nitrogen, 
the susceptibility is independent of the field strength. At the 
lowest ethylene temperatures, all of them satisfy the relation 
X {T — 0) — C, in which 9 is found to be 32*5% 20' and 67% 
respectively. In the temperature region of liquid hydrogen, the 
susceptibility depends on the field strength, for CrCl 3 it decreases, 
but for CoCl 2 and NiCl 2 it increases with increasing field. With a 

* Comm. Phys. Lab. Leiden , No. 167. 
t Ibid., No. 173. 



278 


MAGNETISM 


given field strength, the susceptibility of CrCI 3 increases with 
falling temperature, that of CoCl 2 decreases a little, while for NiCl a 
the initial susceptibility slightly decreases. 

Jackson * determined the susceptibility of the sulphates of iron, 
nickel and cobalt, both in the powdered and crystal form at the 
temperature of liquid hydrogen. While all these substances 
follow the Curie-Weiss law at relatively high temperatures, they 
show the following types of deviation at the lower temperatures. 

(1) The susceptibility increases more rapidly with fall in 
temperature than is given by the law (cobalt ammonium sulphate, 
nickel ammonium sulphate). 

(2) The curve of 1/x against T possesses a point of inflection 
(nickel sulphate heptahydrate). 

(3) A maximum and a minimum value of the susceptibility 
occur in the region of the lowest temperatures (anhydrous nickel 
sulphate, anhydrous ferrous sulphate). 

In the case of the crystals he measured the principal suscepti¬ 
bilities of cobalt ammonium sulphate and nickel heptahydrate 
over a range of temperatures from about 14° K. to 290° K. In 
both cases, each of the principal susceptibilities follows the 
Curie-Weiss law at the higher temperatures, but deviates there¬ 
from at the lower temperatures. The Curie constant is the same 
for each of the three principal susceptibilities. 

The curves of 1/x against T for ammonium sulphate consist 
of three parallel straight lines at the higher temperatures, but 
become concave towards the temperature axis at the lower 
temperatures ; the magnitudes of the deviations from the straight- 
line law are in the inverse order of the values of the suscepti¬ 
bilities, as are also the values of 6 in the Curie-Weiss law. Hence, 
each of the principal susceptibilities of this crystal increases more 
rapidly with fall of temperature than is given by the law, 
although it is followed at the higher temperatures. 

In the case of nickel sulphate heptahydrate, each of the curves 
possesses a point of inflexion, the curvature changing from convex 
towards the temperature axis to concave, as the temperature 
falls below 70° K. Thus the principal susceptibilities show the 
* Phil. Trans., A , 224, 1 (1923). 
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same type of dependence on temperature as docs the mean 
susceptibility, though this is not generally the ease. 

12. Paramagnetic Gases. The great majority of gases, whose 
susceptibilities have been measured, are diamagnetic. According 
to theory, the electrons in a molecule which are paired with one 
another produce a diamagnetic effect, but an unpaired electron 
must give a magnetic moment to the molecule as a whole, and 
thus produce paramagnetism. The work of Sone * shows that 
of the various oxides of nitrogen, the two which have unpaired 
electrons, NO and NO a , are strongly paramagnetic, while all the 
rest are diamagnetic. Besides these two gases, the only other 
substance with an odd number of electrons, which exists as a gas 
under ordinary conditions of temperature and pressure, is chlorine 
dioxide, C10 2 (33 electrons). This gas is of an explosive nature, 
so Taylor and Lewis f used a solution of it in carbon tetrachloride. 
Even this dilute solution proved to be paramagnetic. 

Oxygen, with sixteen electrons, is a striking exception to the 
association of diamagnetism with an even number of electrons. 
In the gaseous condition it follows Curie’s law, %T = C. Bauer 
and Piccard J have measured the susceptibility of this gas and of 
nitric oxide. The values obtained were : 

Oxygen, x X 10 6 = 107*8 = 0*3. 

Nitric oxide, x X 10 6 = 48*7 A- 0*25. 

The number of magnetons, calculated by the usual methods, are 
14*2 and 9*2 for oxygen and nitric oxide, respectively. Wills and 
Hector § have obtained slightly different results for oxygen. 

For liquid oxygen we have the relation 


where 6 is equal to 711|. Perrier and Onnes ^ also measured the 
susceptibility of mixtures of liquid oxygen and nitrogen. From 
their results they concluded that : 

* Sci. Rep. Tohoku Imp. Univ ., 11,139 (1922). 
t Proc. Nat. Acad. Set., 11,456 (1925). 

X Journ. d. Phys 1, 97 (1920). 

§ Phys . Rev., 23, 209 (1924). 

(I See Onnes and Perrier, Comm. Phys. Lab. Leiden, No. 
t Ibid.. N 
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(1) The susceptibility of liquid oxygen becomes considerably 
greater in proportion as its concentration in the mixture 
diminishes, i.e the additive rule is by no means followed in 
mixtures of oxygen and nitrogen, 

(2) The deviations from the Curie-Weiss law, shown by pure 
oxygen at low temperatures, are not an immediate consequence 
of the change of temperature, but are caused by the increase of 
the density, i.e., by the distance between the molecules becoming 
smaller. 

(3) The variation in density of the oxygen due to temperature 
changes only alters the specific magnetisation, without affecting 
the Curie constant. 

Van Meek has formulated a theory of the paramagnetism of 
gases by means of the newer quantum mechanics, using as a basis 
the Hund theory of molecular quantisation. Unlike previous 
theories it is not necessary to suppose the orbits are as freely 
oriented in molecules as in atoms. The calculated value of the 
susceptibility of NO agrees with the experimental value within 
1-5 per cent. He also calculated the deviations from Curie’s law. 
Recently Bitter * measured the susceptibility of NO at different 
pressures and at 29G° K. and 216° K. De Haas and Capel j 
also measured the susceptibility of this gas from 292-1° K. 
to 112*77° K. Their results confirm Van Vleek’s predicted value 
for the variation of the magnetic moment with temperature. 

13. Ferromagnetism. To explain ferromagnetism Weiss intro¬ 
duced the idea of an internal or molecular magnetic field. As 
stated previously, he postulated that this molecular field was pro¬ 
portional to I, so that the total field H is given by : 

H — H a 4- al, 

where H A is the external field and a, a constant depending on the 
nature of the substance. Weiss supposed that the magnetic 
molecules are arranged in sets, or groups, domains , as we shall 
call them, which may he small crystals of which magnetic metals 
like iron are composed, and that these groups are usually magnetised 

Proc. Xat. Acad. Sci.> 15, 638 (1929) ; see also Aharon! and Scherrer, 

?./. Phys., 58, 749 (1929). 

K. Akad. Amsterdam. Proc.. 33, 2 
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as strongly as possible, even in an apparently unmagnetised piece 
of the metal. Thus, an essential consequence of the molecular 
field hypothesis is that a substance containing magnetic carriers, 
may be spontaneously magnetised below a certain critical tempera¬ 
ture, if the molecular field is positive. Further, since an ordinary 
sample of a ferromagnetic is not necessarily spontaneously mag¬ 
netised as a whole, the magnetisation in one direction must be 
assumed to extend only throughout the domains. An applied field 
has the effect of making this spontaneous magnetisation apparent 
as the directions of magnetisation in the domains tend to 
parallelism. By extrapolating to zero field, the magnetisation 
observed in high fields, the value of the spontaneous magnetisation 
appropriate to the temperature, i.e. t due to the molecular field 
alone, may be found. From the extrapolated value of the intensity 
of magnetisation at the temperature of absolute zero, when the 
carriers will be parallel to one another, the magnetic moment per 
atom can be determined. 

Let us first consider the simple theory of ferromagnetism. As 
in Section (8) we have. 


coth 


f p(H A -f al) ') 


kT 


and if H , is zero. 


coth 


pal kT 

~kf 


kT 

— al) 


The latter equation gives or as a function of the absolute tempera¬ 
ture, T. To solve it let pal;kT — a , so that : 


a ~~ RTM ’ 

where p is the density and M , the molecular weight of the ferro¬ 
magnetic. Consider the curves corresponding to the equations : 


— = coth a — — ■> 

o - 0 o> 


a 


MRTa 
aT* 


( 13 ) 


<j Q a pa 0 ‘ 
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Let A (a f ) be the point of intersection of these curves (Fig. 41), so 
that the intensity of magnetisation I of a domain, when the external 
field is zero, is given by : 

kTa ' 

I = 


and 


MRTa' 

apa Q 


where, as before, a 0 is the saturation value of o-, i.e the value 



l cr/cr 0 * coth a. - //a (L&ng&vtn's Curve) 

Z c t/ct 0 *= MRTafcx.pcrZ 

Fig. 41.—Spontaneous magnetisation of ferromagnetics. 

of the magnetic moment per gram-molecule when H A is very 
great. 

As the temperature is raised, the slope of the line cr/cr 0 = 
MRTajapa 0 2 increases, so that the value of a r diminishes, until a 
temperature is reached at which a\ and therefore cr, become zero. 
This is the critical temperature at which the ferromagnetic properties 
disappear. When a' = 0, the two curves touch each other at the 
J d fa 

origin, and ■ the same value for both curves. 
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Now for small values of a the equation : 


reduces to : 


so that 


cr 1 

— = eoth a -* 


a a 

d /<t\ 1 

da\cr*) 3 


Thus there will be a point of intersection of the two curves when 
the slope of the straight line is less than that of the tangent to the 
curves, viz., 1/3, 


i.e., when 


MRT ^ 1 
apcr o 2 ^ 3 ? 


or 


opo,- 

< 3 MR < 


0 , 


where 9 is the limiting temperature at which spontaneous 
magnetisation just becomes possible. At higher temperatures the 
effect of molecular collisions is sufficient to overcome the tendency 
towards spontaneous alignment of the magnetic molecules. The 
state indicated by A ( a ') is stable under the spontaneous magneti¬ 
sation. For if the molecules in a domain assume the state indicated 
by C, the local magnetisation is less than that corresponding to 
equilibrium. Hence the magnetisation, and so the field and the 
value of a increase until the state indicated by a" is reached. 
Similarly at B the local magnetisation is greater than the 
equilibrium value, as indicated by Lange v in's curve, and the 
magnetisation and the field tend to decrease until the state a' is 
reached. 

The spontaneous magnetisation cannot be identified with the 
quantity usually defined as remanent magnetism in describing 
the experimental hysteresis-loops. There is nothing in the theory 
to account for the initial hysteresis curve, i.e., nothing to account 
for the gradual increase in I produced by applying a gradually 
increasing field to an initially demagnetised piece of iron. In fact. 
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there is nothing to account for the existence of demagnetised 
pieces of iron at all. Every piece of ferromagnetic at a temperature a 
l}elow 6 should possess, whenever it is not under the influence of " 
an external field, the spontaneous magnetisation calculated from 
the intersection of the Langevin curve and the straight line of 
Fig. 41. This entails the idea of domains within the demagnetised 



VALUES OF T/O 
Fig. 42.—ov a 0 as a function of Tjd. 

metal, each domain possessing the full spontaneous magnetisation 
of the theory, while in direction the magnetic moments of the 
domains are oriented entirely at random. It is not possible to 
identify these domains with individual crystals, nor with any 
other discernible granulations of the metal. As for the initial part 
of the hysteresis curve, attempts have been made to explain it, 
either by supposing that the increasing field orients the magnetic 
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moments of the several domains gradually into parallelism with 
itself or, what is more probable, that the la id abruptlv reverses, 
one after the other, all of the magnetic moments which are in-lined 
initially to it at angles greater than 1)0 h. 

Since 6, the Curie-point temperature, is equal to ape,,- ;iRM. 
equation (13) may be written : 


a T a 
<Jq~~ 6 ' 3 


or. 



such that at T = 0,/(T) = 1, and at T = = '»• Experi- 

mental data for iron, cobalt, nickel and magnetite below their 


respective Curie-points, together with the theoretical curve. ~ ~~ ~ 

cr 0 V ' 

are shown in Fig. 42. The agreement is good for magnetite, and 
fairly satisfactory in the cases of iron, nickel and cobalt, although 
the differences between the theoretical and the experimental 
results are greater than with magnetite. On the who!e*the theory 
gives a fairly satisfactory explanation of the variation of the 
saturation intensity of magnetisation of ferromagnetic substances 
with the temperature. 

If the applied field is small, and the temperature high, wt have : 


or 


<j a /x {// 1 — al) 

cr 0 3 3kT 

— = ^0 (rr ■ a P a \ 
o-q 3RT \ 1 M ) 


so that 


= Z. ^ a o 2 _ C m 

XJI II 3R(T — 6) T — 0 * 


f 14} 


where 


qpcr 0 2 __af 
3RM ~ M M ' 


Hence ferromagnetics at high temperatures, i.e., beyond the 
Curie-point, become paramagnetics. This may be illustrated by 
plotting 1/x as a function of the temperature. If this is done for 
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nickel beyond the Curie-point, 360° C. approximately, the curve 
beyond 410° passes into a straight line which continues undeflected 
to 900° (Fig. 43). In the ease of iron at temperatures beyond its 
Curie-point, 77 5° C., the points for temperatures between 920° C. 
and 1,395° C. lie along a straight line, which is sharply broken off 
at each end of that interval, being followed beyond 1,395° C. by 
what seems to be the commencement of an entirely different line, 



Fig. 43.—Susceptibility-temperature curves for iron, nickel and cobalt 
above their respective Curie-points. 

and preceded before 920° C. by a series of points which are well 
fitted by a pair of straight lines connected with each other at 
828° C. The data for cobalt beyond its Curie-point, 1,130° C., 
likewise conform to a pair of connecting straight lines. 

According to this theory of ferromagnetism, the temperature at 
which the spontaneous magnetisation disappears—the Curie-point 
—should be equal to 6 in equation (14) for the paramagnetism of 
the substance beyond the Curie-point. For nickel the agreement 


,_£>/* X/i 
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is good : 633 J K. against 645' K., and there is also fair agreement 
for cobalt and iron. 

14. Atomic Moments of Ferromagnetics. For each of the 

straight lines relating' l; x with F, the values of the constants 
C and 9 may be computed, and from them the atomic magnetic 
moment and the coefficient a of the molecular field. In calculating 
the values of the moment g of the elementary magnets it is 
assumed that there are as many elementary magnets per unit 
volume of metal as there are atoms. With this assumption the 
number of Weiss magnetons per gram-atom, p % are as follows : 


"Metal. 

Temperature Range °C. 

Values of 

Value® of p. 

Fe/B, 

774-828 | 

1047 

20-9 


828-920 

1003 

17*4 

y 

920-1395 

— 1340 

28-2 

s 

1395- 

1543 

7*05 

Co 

1170-1241 

1404 

15-9 


1241-1303 ; 

1422 

1 

Ni . 

4X2- j 

645 

8 


All these values of p are approximately equal to those 
customarily found for paramagnetic gases and salts in soiutions. 
The values of a are of the order of several thousands, so the 
postulated molecular field must therefore be supposed enormously 
greater than the applied field H A . In one of these eases it must 
even be assumed antiparallel to the field H A for 9 is negative, and, 
consequently, so is a. 

Since it is necessary to assign several distinct values to p in 
order to explain the behaviour of iron over various ranges of 
temperature, the iron atom does not possess a constant and 
characteristic magnetic moment, which is the source of ferro¬ 
magnetism. These changes in p sometimes coincide with striking 
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changes in the condition of the metal. Thus at 920° C. iron 
changes from a body-centred lattice of spacing 2-88 A, to a face- 
centred lattice of spacing 3-60A. It retains the latter form as the 
temperature increases until 1,395° C., when it returns to the body- 
centred-cubic arrangement. These alterations in atom-lattice are 
attended by changes in the physical properties of the metal so 
great, that the modifications were distinguished long before atom- 
lattices were known. Changes in, p sometimes occur apparently 
quite unaccompanied by changes in the atom-lattice, or other 
physical features. The variation occurring at 828° C. in iron is of 
this type, and so is the change in nickel which in occasional samples 
has values of p approximately equal to 9 instead of the usual 8 
Weiss magnetons. 

All these results refer to the paramagnetic susceptibility which 
ferromagnetics exhibit above the Curie temperature. 

When the values of p are deduced from measurements on the 
saturation intensity at low temperatures, i.e., ferromagnetic state, 
we find that there is no agreement between the two sets of p values. 

As the magnetising field acting on a ferromagnetic specimen is 
gradually increased, we obtain the familiar I — H curve, and if 
the final part of the curve is extrapolated to zero field, we obtain 
the value of the spontaneous magnetisation at the temperature at 
which the experiment is performed. Thus, by carrying out 
experiments at very' low temperatures, and extrapolating from the 
data to absolute zero, the value of I 5 (saturated) may he deter¬ 
mined. If the saturation signifies that all the atomic moments 
are parallel, then the magnetic moment of each must be the 
quotient of J g by the number of atoms in unit volume. 

Recently' Weiss and Forrer * have deduced the atomic moments 
of iron, cobalt and nickel from saturation data relating to 25 ferro- 
cobalt alloy's and 9 nickel-cobalt alloys at ordinary temperatures, 
and from their temperature coefficients down to the temperature 
of liquid air. They" plotted the calculated number of Weiss 
magnetons p against the percentage composition of the alloy, and 
extrapolated the results to determine the value of p for the pure 
metal. Their results are shown in Fig. 44. 

* Proc . Phys . Soc 45 , 413 ( 1930 ). 
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\V eiss and Forrer found that like the tons of the iron group. lie- 
atoms of iron, nickel and cobalt are capable of assuming different 
atomic moments. The change of moment is not always associated 
with a change in the crystal lattice. Thus in alloys belonging to 
different ranges of atomic composition, a-iron has been found with 

PER CENT. Co IN 



Fig. 44.—The atomic moments of ferromagnetics, 
moments of 11 and 15 magnetons, and y-iron with a moment of 
14 magnetons. Considering the Fe-Co curve *. there are two 
regions in which the moment varies in a strictly linear manner, 

* At low temperatures, for alloys containing from 0 to 78 per cent, of Co. 
the stable structure is the centred cube (a-ferrocobalt). for those containing 
from 78 to 95 per cent, it is the face-centred cube ( 7 -ferrocobalt), and for those 
containing from 95 to 190 per cent, it is the hexagonal lattice of maximum 
densitv (H-ferrocobalt). 
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namely, those in which there is from 0 per cent, to 18 per cent., and 
from 50 to 78 per cent, of cobalt. The first straight line begins at 
the known iron-point of 11 magnetons, and if we assume that the * 
other constituent, with fixed moment, is cobalt itself, and not a > 
compound, we find by extrapolation a form of cobalt with 17 
magnetons. 

The second straight line reaches the axis corresponding to 
100 per cent, of cobalt at the point where p = 9, so that cobalt, in 
a-ferrocobalts rich in that element, has, therefore, an atomic 
moment of 9 magnetons. If the straight line be produced as far 
as the iron ordinate, a form of iron with 15 magnetons is found. 

In the y region a further straight line may be observed which, 
when produced to the cobalt ordinate, gives us another moment 
for cobalt which is less than 9, and may be estimated to be 8-67 * 
magnetons. If this straight line be produced backwards to the 
iron ordinate, a moment of 14 magnetons is obtained for y-iron. 

The nickel-cobalt curve * comprises two regions of linear 
variation. The first passes through the known point, p = 3, for 
nickel, and points towards the integer, p — 9, for cobalt. The 
second gives p = 8*5 exactly, which agrees with the calculation 
from the measurements made by Kaya on a single crystal of cobalt 
in the direction of high susceptibility. When produced backwards 
as far as the nickel ordinate, this straight line gives a moment for 
nickel in the neighbourhood of 4. 

Among the ten moments which the experimenters determined by 
means of these alloys, eight are integral multiples of the experi¬ 
mental magneton, 1125*6, and tw r o are mixed numbers containing 
simple rational fractions, namely, 8§ and 8 J. The atomic moments , 
derived from saturation data at low temperatures are, therefore, 
like those derived by spectrum analysis, rational fractions of the 
natural unit furnished by the quantum theory. 

15. Magnetisation of Single Crystals. Magnetic measurements 
are most directly interpretable when made on single crystals, but 
it is only fairly recently that ferromagnetic crystals, large enough 

* Those nickel-cobalt alloys containing from 68 to 100 per cent, of cobalt 
are stable at low temperatures in a hexagonal crystal lattice of maximum 
density (H-nickel-cobalts), while the alloys containing less cobalt crystallise 
in a face-centred cubic lattice {y-nickel-cobalts). 
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to be studied, ceased to be a rarity. Only two kinds occur in 
nature : those of magnetite, a modification of one of the oxides of 
iron, Fe ;} G 4 , and those of pyrrhotite, a sulphide of iron, Fe«S v 

The well-known ferromagnetic substances, with two exceptions, 
crystallise in the cubic system. These exceptions are pyrrhotite 
and one modification of cobalt, both of which belong to tin* 
hexagonal system. 

In cubic* crystals, directions parallel to the edges of the cubes, 
to their diagonals, to the diagonals of their faces, are called the 
tetragonal , trigonal , digonal axes, or the quaternary , ternary, binary 
axes, respectively, the planes to which these directions are 
perpendicular being denoted by (100), (111), (HO). respectively. 
Of the three lattices in which atoms may be arranged in a cubic 
crystal— simple cubic , body centred, face centred —iron conform^ to 
the second, nickel and cobalt to the third. The iron-nickel alloys, 
containing more than 80 per cent, of nickel, follow tie,* nickel 
lattice ; the permalloys belong to this class, while those containing 
less than 30 per cent, of nickel are similar to iron. 

Now when a magnetic field is applied to a crystal, it produces a 
magnetisation which is not parallel to the effective field, unless 
this field is parallel, either to a tetragonal, or to a trigonal, or to a 
digonal axis. If we apply a field parallel to the axis of a long r *d. 
cut from a single crystal in such a way that this axis is parallel to 
one of the specified directions, the I -H curve rise-, much more 
sharply than does the normal curve for polycrystalline iron. The 
first segment of the curve is very short, and the second passes into 
the third while the field is still low. The slope of the first part ol 
the curve, i.e., the initial susceptibility, is greatest when the axis 
of the rod is a tetragonal axis of the crystal, less if it is a digonal 
axis, and least if it is a trigonal axis, though the differences are 
not great. This is expressed by saying that iron is most easily 
magnetised along the tetragonal axis, less so along the digonal and 
least along the trigonal. Experimental curves * for iron and nickel 
are given in Fig. 45. In the ease of nickel the (111) axis is that 
of easiest magnetisation. The saturation value of the intensity of 

* See Honda and Kay a, Sci. Rep . Tohoku , 15, 721 (1920) ; Kaya, ibid.. 17, 
039 (192S). 
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Fig. 45. —Magnetisation c*ur\ es for iron and nickel single crystals. 

magnetisation, when it is finally attained, seems always to be 
about the same. 

In an unmagnetised iron crystal, each of the domains will be 
fully magnetised, but so oriented at random along (100) directions 
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that there is no resultant magnetic mumtiil. Now lht-r<- ar-* twu 
fundamentally different ways in which bulk magnvibatmu occurs 
in the crystal. The first is a change from one cubic axis to another, 
and takes place in fields* of a few gauss ; the second is tic* 
departure from a cubic direction, and occurs only in comparatively 
large fields. These may be associated, respectively, with the 
initial rapid rise up to, and the slow increase after, the -deep part 
of the ordinary I -II curve. The value of tin* intensity of magneti¬ 
sation, at which the break occurs, will depend on the direction »*i 
the magnetic field, relative to the crystal axes. When all the 
small elements in the crystal of iron have had their direction of 
magnetisation changed, to coincide as far as possible with the 
cubic directions nearest to the applied Held, eeaddi nf h with the 
condition that there shall be no transverse imuiietisat loin then 
any further increase of bulk magnetisation mnsl be pr* dur« d by 
forced deviations from these cubic* axes, towards the direction of 
the applied field, and the so-called knee in the 1 -// carve will 
appear. 

With an applied field along a cubic axis, the second process u hi 
not appear at all, and the initial rapid rise should continue right 
up to complete saturation. For the (110) and (111 direc tions the 
transition should take place at intensities 1 \ 'I and 1 \ 8 *i tm* 
saturation values. In the ease of nickel, where the till axi^ is 
that of easiest magnetisation, this will be the direction for widen 
there is no break in the I —II curve ; while for the (llo i and ! loo 
axes the breaks will occur at \ 2/8 and 1 \ 8 the saturation 
values. The experimental results are shown in Fig. 45, but in view 
of the difficulty of obtaining perfect single crystals of these 
metals, sharply-defined breaks cannot be expected. The actual 
agreement between theory and experiment is good. 

16. Magneto-thermal Phenomena. On the basis of his theory 
of the internal molecular field Weiss f predicted a discontinuity 
in the specific heat of a ferromagnetic substance in the region of its 
Curie point. The mutual potential energy E of a number of 

* See Honda, Masumoto and Kuya, ibid.. 17, 1 IS < 192bj. 

f Journ. d. JPhys ., 7, 249 (1908). The large change of speeiUc heat on passing 
through the Curie point is the essence of the phenomenon of recalescence. 
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elementary magnets, each of moment p, and making an angle <f> 
with the applied field H. is given by : 

E = — J^pHcos <j>, 

so that when we eonsiderja cubic centimetre of the given substance, 
we mav write : 

E = - £ HI , 

where I is the intensity of magnetisation. In the case of a ferro¬ 
magnetic substance there exists the Weiss molecular held, al, so 
that if we consider the intrinsic or spontaneous magnetism, 

E = - i-aV, 

where I 0 is the intensity of spontaneous magnetisation per c.c. 
Since E is negative, we must provide heat in order to demagnetise 
the substance, and the amount of heat necessary to demagnetise 
1 gram of the substance is. therefore, 



where p is the density of the substance and J, the mechanical 
equivalent of heat. Now I 0 varies with temperature, so that the 
heat necessary to demagnetise a substance results in an apparent 
increase of its specific heat by an amount : 

C / 1 <x o \ 1 a 0 

df \2 J ' ~p l ° ) = 2JpdT Io °- 

From curves showing the variation of magnetisation with tempera¬ 
ture. Weiss concluded that the specific heat of a ferromagnetic 
substance should rise to a maximum at the critical temperature, 
and then decrease continuously owing to the sudden disappear¬ 
ance of the magnetic term at that temperature. 

Sucksmith and Potter * have pointed out that in the experi¬ 
ments confirming this, the magnetic and, calorimetric data for the 
same substance should be measured simultaneously, and they 
carried out experiments on specimens of nickel and Heusler alloy, 
in which the specific heat was measured at different temperatures by 
a modification of the Nernst-Eueken method, the magnetisation 

* Proc . Hoy. Soc. t A } 112, 157 (1926). 
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being simultaneously measured by a ballistic* method. Measure¬ 
ments were thus made up to 410° C. Their results are markedly 
different from what would be expected on the Weiss theory. 
They found in the ease of pure nickel, for example, that the 
specific heat rose to a maximum as Weiss predicted, hut the 
increased specific heat extended over a range* of some 2G 1 . 
above the critical temperature. 

Bates,* using manganese arsenide, which possesses a convenient 
and sharply defined magnetic critical temperature in the neigh¬ 
bourhood of 45° C., found that the specific heat rose t» * a sharp 
maximum at 42*2° C., and then decreased rapidly. The form ».f 
the specific heat curve was similar to that which would b** expected 
on the Weiss theory. The sharpness with* which tin magnetic 
critical point was defined, indicated that the curves rl i and 
cI 0 2 /cT were somewhat similar in shape to the specific heat curve, 
but whereas the first curve exhibited a maximum at 42*2" 1.. the 
second exhibited a maximum at 41-5 : C. 

When a ferromagnetic* substance is suddenly inserted into a 
magnetic field, thermodynamical reasoning ^ shows that, if the 
process is reversible, an adiabatic rise in temperature, J T. results 
according to the equation : 


where AH is the increase in field strength and s u , the specific heat 
of the substance when the field is constant. For a positive 
increment of H, AT is positive, since cl 0 cT is negative. A similar 
adiabatic fall in temperature should occur when the field is 
decreased suddenly. Calculations show that if manganese 
arsenide were suddenly placed in a magnetic field, its temperature 
would be raised, and its magnetic properties more or less per¬ 
manently changed, due to the fact that on losing its magnetism 
at 45° C., it does not become ferromagnetic again until it has been 
cooled to below 34° C., and if it is heated, say. to 43 : C. and then 
cooled, its magnetic properties remain practically constant over 

* Ibid,, 1X7, 680 (1927). 

f See Weiss et Foex, 14 Le Magnetismef’ p. 148 
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si'Yi‘r;i] degree-*. In other words, its magnetic* properties, after 
if Ii.jN h»*ru placed in, and withdrawn from, a magnetic field, 
should correspond to those at a temperature higher than that 
which it initially po^essed. 

The presence of this effect provides a possible explanation for 



Fi.,, Itk—-\miutiuii of specific heat (full line) and of 'cI 0 z jcT 
i broken line; with temperature. 

most of tin* laek of agreement between experimental results and 
the Weiss theory : Bates * accordingly carried out experiments to 
measure the \ariation of I 0 2 with temperature in the absence of 
such disturbances. In Fig. 46 are plotted the values of the 
s j:\we-eilie heat {continuous curve) and cl^jdT (broken curve). It is 

* Proc. Phyn. Sac. y 42, 441 (1930). 
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quite clear that the specific heat maximum and that of cl 0 2 icT 
occur at the same temperature, but the specific heat curve differs 
in several particulars from that for cI 0 ~cT. Measurable specific- 
heat changes occur before cI 0 ~/cT has appreciably changed, and 
even if the marked changes in the specific heat end concurrently 
with the disappearance of 8I 0 2 /8T. there is no doubt that the 
specific heat is considerably greater just before the magnetisation 
disappears than the Weiss theory would lead us to expect. 

We may calculate the maximum value which the specific heat 
should possess on the Weiss theory. The value of a from suscepti¬ 
bility experiments * may be taken to be 3390. p, 0*02 gram 
per cubic centimetre, and J cl 0 2 jcT at 42*2 : C. to he 1300 c.g.s. 
units per gram, so that the additional specific heat at 42*2 C. is 
found to be 0*67 calorie per gram per degree. Hence the total 
specific heat at this temperature should be 0*77 whereas the 
maximum measured specific heat was 0*8. 

Fowler and Kapitza t have developed the treatment of the 
specific heats of ferromagnetic* substances along the lines of 
Heisenberg's theory of ferromagnetism, and predict a »tep-duwn 
in the specific* heat, at the magnetic critical point of a ferro-rnag- 
net ie substance, of approximately 3 calories per gram-molecule 
per degree. The step-down given by the Weiss theory, and by 
experiment in the case of magnanese arsenide, is of the order of 
100 calories per gram-molecule per degree. 

Xow Fowler and Kapifcza's expression for the specific* heat 
contains two factors ; one is c£ 2 jcT. where £ is the ratio of the 
magnetisation I 0 to the saturation value I v , acquired at very low 
temperatures, or high magnetic fields. At the magnetic critical 
point 6 this factor may be taken as equal to 3 jd 9 which agrees with 
the experimental data for manganese arsenide. The discrepancy 
between the experimental and theoretical results must therefore 
be attributed to the remaining factor, which depends on the 
interaction integrals of two similar interacting systems, each 
containing one magnetisable electron. Bates concludes that the 
magnetism of the arsenide is due to interacting systems, each 

* See Bates, Phil. Mag.. 8, 714 (1020). 

f Proc. Roy . Soc., A, 124, 1 (1029). 
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containing more than one magnetisable electron. Fowler and 
Kupitza surest that a theory to take account of more than one 
such electron will differ from that already developed by them only 
in complication of detail, and will give a value for the step-down of 
two or time times that mentioned above. In the case of the 
arsenide the step-down is at least thirty times the value predicted 
by the theory. 

The numerical values obtained by Sucksmith and Potter vary 
from about 0*9 to about 1*34 calories per gram-molecule per 
degree, depending on the specimen of nickel. Thus their result 
]> i’i .at*- agreement with Fowler and Kapitza’s prediction, 

but their theory is no more successful than the Weiss theory in 
explaining why the step-down in the case of nickel extends over 
such a wide temperature range, or why the specific heat continues 
when the magnetism has disappeared. For nickel, Weiss gives 
Wit calories per gram-molecule per degree for the step-down, 
whilst Kiinkhardt * gives 1-47. Fowler and Kapitza remark 
that they would expect the step-down to be rather less than three, 
»the above numbers may be taken to indicate that the magnetic 
‘havinur of nickel is due to the interaction of systems, each 
ning one magnetisable electron. For iron, Weiss, Piccard 
and Carnal r give *>S calories per gram-molecule per degree for 
the step-down. 

Another feature which requires explanation is the large 
minimum value of the specific heat above the magnetic critical 
point. In the case of iron and nickel we always find minimum 
values which give atomic heats much greater than the limiting 
values for other metals. This is particularly emphasised by 
Kiinkhardt'"s measurements on the specific heat of iron. His 
minimum value for the specific heat of Fej8 is about 10-3 and for 
Fey. 8-0 calories per gram-atom per degree C. 

Dorfman, Jaanus and Kikoin t suggested that the step-down in 
the specific heat at the Curie point may be due partly to the 
positive ions and partly to the free electrons. If we write As a for 

* Ann. d. Phys., 84, 167 (1927). 

t Arch. Sci. Phys. Ned., 43, 22, 113, 199 (1917). 

J Zeite.f. Phys., 54, 277 (1929). 
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the step-down in the specific heat per atom. J,v. due to the 
positive ions and Asp to the free electrons : 

As A — As i — nAs r . 

where n is the number of free electrons per atom. If only the free 
electrons are involved in the ferromagnetism of the nntal, J.v. = <j. 
if only the positive ions. As p — 0. Now As A is measurable directly 
ealorimetrieally. and As e is obtainable from the sharp ehumjc in 

c 2 E 

the Thomson coefficient TV 7 ^ at the Curie point. They measured 
c -E 

in the neighbourhood of the Curie point (0;#r K\ for nickel, 

and deduced the value 4-8 x 10 “ 2 * calorie per decree- for J.vwhereas 
the experimental value for As A is S S7 . 10 21 calorie pm* decree. 

The fact that As a and As t , are of the same order of magnitude is 
explained by supposing that the free electrons are alone concerned 
in ferromagnetism. Further, since these do not move in dosed 
orbits, the magnetic moment they produce must be due to th»ur 
intrinsic spin. It is shown that ds,, = 4-8 > 10~~ 4 calorie per 
degree, leads to a value of the spin moment of the conduction 
electron equal to one Bohr magneton. The number of free 
electrons in nickel at the Curie point is shown to equal only 7 is per 
cent, of the number of atoms ; at the absolute zero it m estimated 
that the number is reduced to 60 per cent. 

Gerlach * has found that if a piece of nickel wire is kept at a 
temperature T x of about 20° C., and the temperature T 2 of the 
other end is raised, then a magnetic field parallel to the tempera¬ 
ture gradient creates an electromotive force which steadily 
increases, and reaches an approximately constant value as soon as 
T 2 exceeds the Curie point. If T t be now increased, while T 2 is 
kept at any given temperature above the Curie point, the electro¬ 
motive force, created by the magnetic field, decreases, and 
becomes zero as soon as T 1 is equal to the temperature of the Curie 
point. The electromotive force remains constant as long as the 
field effect is constant. It is independent of the course of the 
temperature fall and depends only on the temperature difference. 

* JProc. Phys . Soc. y 42, 418 (1930); Ann. d. Phtjs., 8, 649 (1931). 



;ioo 


MAGNETISM 


This * fh ct is connected in the same way with the magnetisation 
as In tin- change- of resistance at constant temperature. It is also 
connected with the reversible part of the ferromagnetic 

magnet Nation. 

17. Magneto-mechanical Effects. One of the most important 
magie*t»t-meelia ideal effects is that of magnetostriction, the 
phenomenon of the change in dimensions which occurs when the 
ma unetNation of a t>ody is altered. On the whole this effect had 
n,,t. until comparatively recently, thrown much light on the 
nature of the magnetisation, due to the fact that in most experi- 


>W T £\£. 7Y Cf t*j*$‘*£T£.4TiCN 




Fla. 17.—Magnetostriction curves for iron and nickel single crystals. 

meats the specimens consisted of an aggregate of micro-ervstals. 
having an ill -defined and varying structure. More information is 
likely to be affended by experiments made with single crystals, such 
as those performed by Honda and Kaya * with nickel, and by 
Webster + with iron. The variation of length with intensity of 
magnetisation is shown in Fig. 47 for the three simple directions 
la iron and nickel. In the direction of easiest magnetisation in 
each metal there is a gradual change of length, in one case an 
expansion, and in the other a contraction, beginning with quite 
small intensities, and gradually increasing as saturation is 

* Set. Rep . Tohoku , 15, 721 (1926). 
t Prvc. Roy. Soe. t A, 113, 196 (1926). 
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approached. In the direction farthest removed from the above 
there is no appreciable change of length until approximately half- 
saturation, when a contraction sets in and rapidly increases with 
the magnetisation. 

Akulov * explains magnetostriction as due to the distortion of 
the crystal lattice accompanying the rotation of the direction of 
magnetisation away from the direction of easiest magnetisation. 
His theory accounts for the difference in length of unit rods 
parallel to the different crystal directions when completely mag¬ 
netised, but it does not account, for example, for the increase in 
length occurring when a rod of iron, parallel to a cubic axis, is 
magnetised. He shows, however, that a cube of iron, supposed 
completely devoid of magnetisation, on an atomic scale becomes 
slightly distorted when it acquires its normal spontaneous 
magnetisation. It becomes longer along the cubic axis of 
magnetisation than along those axes at right angles. The magni¬ 
tude was not calculated, but it must he at least of the same order 
as the deviational distortion. Demagnetised iron must therefore 
be considered as a mosaic, made up of small asymmetrical volumes 
with their direction of distortion distributed equally along the 
three cubic axes. The resultant dimensions of a cube of 
demagnetised iron will be symmetrical, but will be a complicated 
average between the two dimensions of the distorted magnetised 
cube. When magnetisation takes place along a cubic axis, there 
must be a longitudinal expansion, with a lateral contraction, 
gradually increasing as the various small volumes become 
parallel. 

For the (110) direction, as magnetisation proceeds, there is at 
first a concentration of the axes of distortion of many small 
volumes along the two cubic axes nearest the direction of 
magnetisation. There must be, therefore, an initial expansion 
which continues till the third axis has been completely abandoned- 
Further increase of magnetic intensity can only be produced by 
deviation from the cubic axes, and the corresponding contraction 
is sufficiently large to overwhelm the expansion due to increasing 
uniformity. 

* Zeits.f . Phys 52, 389 (1928) ; 54, 582 (1929) 
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For the (Ill) axis, the three cubic directions are symmetrically 
dbpo^<d. and there is no real increase in uniformity before the 
deviational distortion appears ; consequently no initial expansion 
is observed. 

McKeehan * has also formulated a theory of magnetostriction 
which depends upon interatomic forces. 

The study of magnetostriction has recently become important 
because it promises to throw light on the obscure aspect of inter¬ 
atomic forces in solids. While only a few solids are ferromagnetic 
it is encouraging to observe that, as solids, they are not abnormal. 
If. then, the interplay of atoms in these solids can be followed by 
magnetic means, it is probable that any conclusions arrived 
at will apply equally well to solids, not themselves amenable to 
magnetic control, or measurement. 

When the temperature of a ferromagnetic crystal passes through 
the Curie point, the crystal shows an anomalous expansion, or 
contraction. This change of length is greater than the ordinary 
magnetostriction effect, but of the same order of magnitude. The 
variation of the latter change in different directions in a single 
crystal of iron is as great as 35 X 10 —6 per unit length. For the 
anomalous change of length the following values have been 
obtained below the Curie point :*j* 

Iron. Curie Point. 768° C. 

SI 

t = + HX 10~ 4 . 

Nickel. Curie Point. 374° C. 

SI 

— — — 0-9 X 10 4 , 

where SI is the change in length of a length l of the substance. 

These changes in size are too great to be explained by purely 
magnetic forces. Heisenberg’s theory of ferromagnetism supposes 
that magnetisation is accompanied by a change in the strength of 
binding between atoms, and the calculated resulting changes in the 

* Reviews of Modem Physics, 2, 477 (1930). See also Perrier, Ilelv. Phw . 

4, 213 (1931). 

t See Powell, Proc. Phys. Soc., 42, 390 (1930). 
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size of crystals of iron and nickel at their Curie points are of the 
same order of magnitude as those observed. 

The change of size which accompanies magnetisation varies con¬ 
tinuously from the Curie point to saturation, but does not affect 
measurements of magnetostriction at ordinary temperatures. 

18. The Barkhausen Effect. When a ferromagnetic* substance 
is magnetised by a field which changes continuously, it is found 
that a part, at least, of the resulting change in intensity of 
magnetisation takes place in sudden discontinuous jumps. This is 
the Barkhausen effect , and may be investigated in the following 
manner. 

Imagine a ferromagnetic substance encircled by a magnetising 
coil through which the current is being steadily increased, encircled 
also by a loop of wire which is connected to any instrument which 
continuously records the electromotive force, induced in the loop 
by the changing magnetisation. Since the magnetising held is 
being increased continuously, we should also expect the induced 
electromotive force to vary continuously, if the magnetisation 
increases in a continuous manner. It is found, however, that the 
induced electromotive force changes by small, but sudden jumps, 
and if the loop is connected to a telephone-receiver, through an 
amplifier, one hears a rustling, or crackling sound. 

If the loop is connected to an oscillograph, and the magnetising 
field increased very slowly, the actual number of peaks in the oscillo¬ 
graph curve may be counted. It has been estimated that the process 
of magnetising a cubic centimetre of iron involves several thousand 
of these jumps. By measuring the area included within each of 
the peaks in the oscillograph curve it is possible to calculate the 
magnetic moment of a magnet, the creation of which lias resulted 
in such a peak. In this way Tyndall * estimated that one such 
magnetic moment was 0*0027, which is much too large to identify 
the magnet with an individual atom, since a magnetic moment of 
0-0027 is approximately equal to that possessed by a piece of 
saturated iron of 0-12 mm. edge. Neither can the magnet be 
identified with individual crystals, since a single crystal of a ferro¬ 
magnetic makes as much noise in the telephone-receiver, while 
* Vhys.Rev., 24,439(1924). 
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magnetised, as a fine-grained sample.* Thus, the data 
\ support the idea of magnetic domains, which are larger than atoms 
and smaller than crystals. Another interesting fact is that the 
Barkhausen effect is associated with the steep part of the ordinary 
magnetisation curve, which corresponds to the occurrence of 
irreversible changes of direction of magnetisation throughout 
domains. The initial and final nearly horizontal parts of the 
curve show no effect. Bozorth t estimated that the Barkhausen 
discontinuities account for most, if not all, of the whole change in 
magnetisation where the curves are steep. It is not yet decided 
whether the 10 15 , or so, atoms which co-operate in a discontinuity 
of average size are all the atoms in a sharply-bounded region, or 
whether they form chains or networks, with unaffected atoms 
lying between them. The smallness of the effect of grain-size 
upon, ferromagnetic properties, and the fact that the Barkhausen 
phenomenon of ordinary magnitude occurs in large single crystals, 
show that the grain, or crystallite, as we ordinarily understand it, is 
not magnetically homogeneous. Only when a substance is finely 
divided, or made into a very thin film.J do its intrinsic magnetic 
riies undergo any important changes. 

Heaps and his collaborators § investigated the effects in minute 
specimens, where the discontinuities may be few and relatively 
large. The most recent results show that large discontinuities in 
magnetisation are accompanied by discontinuous changes in 
leiigtli, he., by magnetostrictive jumps. Such changes in length 
had previously been observed by Arkadiew,|j who simply listened to 
a. telephone-receiver diaphragm, actuated by the tightly-stretched 
specimen as it was subjected to a magnetic cycle, but the simul¬ 
taneity of length and magnetisation changes was not then demon¬ 
strated. Studies by Preisach show that the jumps in the mag¬ 
netisation may foe made enormous (or run together so as to be 
difficult of separate observation) by tension or torsion, and 

* See Auwers and Sizoo, Zeits.f. Phys 60, 576 (1930). 
t Phys. Rev., 34, 772 (1929) ; 35, 733 (1930). 

t isee Welo and Raudiseh, Phil. Mag.. 3, 396 (1927) ; Howev, Phys. Rev.. 
34, 1440 (1929 ). 

§ Ibid., 34, 937 (1929) : 36,326(1930). 

Complex Rendus. 184, 1233 (1927). 

Z Ann. d. Phys., 3, 737 (1929). 
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Sixtus and Tonks * report a kind of trigger action, by which a local 
increase in the applied magnetising force can set-off a discon¬ 
tinuity, which progresses far beyond the region in which it start* d. 
The relatively slow propagation of such waves of magnetisation-— 
much slower than the velocity of sound in the medium --may lit* 
wholly accounted for by eddy currents. It is attractive to 
speculate, however, that the delay may be due. in part, to iLv 
necessity for waiting before each advance fora favourable condi¬ 
tion as regards energy of thermal agitation, and that we may yet 
trace a continuous progression of phenomena, from the ahuo-4 
instantaneous response of the atomic magnet to the slow secular 
variation of magnetic moment in well-aged magnetic steel. 

The coalescence of microscopic Barkhauscn discontinuities into 
major effects was first observed by Forrer t in suitably over¬ 
strained nickel wires. The abnormal values of reman* at 
magnetism which he observed led him to postulate a rather com¬ 
plicated unitary magnet in this metal, the two parts of which 
might take up either of two configurations in the absence of mi. 
applied field. The high value of the remanent magnethm 
corresponded to a preponderance of the usually less numerous 
configuration. He extended the same reasoning to iron, in which 
he supposes that the unit must have three parts, and in a recent 
paper J he suggests that the different types of hysteresis loop in 
iron form experimental evidence in favour of iiis hypothesis. 

There appears to be a very close relationship between the 
magnetostriction effect and the Barkhauscn effect. One 
phenomenon has not so far been observed in a substance without 
the other, and both are affected by heat treatment and mechani¬ 
cal strain. Now the two effects of tension, say on a nickel wire, 
are to produce a decrease in magnetic permeability, and a relat ively 
larger increase in the magnetostrictive contraction, for a given 
intensity of magnetisation. Consequently, when the specimen 
is magnetised, a volume element will contract more than the 
surrounding material, in spite of its abnormally low intensity of 

* Rhys. Rev., 35, 1441 (1930); 37, 930 (1931). 

t Journ. d. Rhys., 7, 109 (1926) ; 10, 247 (1929). 

J Comptes Rendus. 190, 1391 (1930). 
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magnetisation, and the initial tension will increase until eventually 
there is some sort of slipping, or rearrangement of the material, 
and the tension is partially, or completely, released. This release 
causes a measurable change in length of the specimen only when 
the cross-sectional area of the volume element is an appreciable 
part of that of the whole specimen. The sudden length change 
should thus be more prominent in fine wires. The release of 
tension also causes a sudden, increase in the permeability and 
intensity of magnetisation of the volume. Thus arises the Bark- 
hausen effect. 

19. The Gyromagnetic Effect. If we account for the general 
properties of magnetic substances by assuming as elementary 
magnets, electrons circulating in closed orbits, the planes of which 
in the case of para- and ferromagnetism are orientated by the 
magnetic field, it is evident that the process of magnetising, say, 
a suspended iron wire, involves a type of recoil, i.e., the suspension 
of the wire should receive an opposite angular momentum and 
so experience a torque. This phenomenon and its converse are 
jointly called the gyromagnetic effect. 

If fju is the magnetic moment and p the mechanical moment of 
an orbital electron, it may be shown * that, 

y/p = e/2m 0 c, 

where e is the electronic charge, m Q , its mass and c , the velocity of 
| light. Experimental results f give a value of y/p, which is twice 
as great as that obtained by inserting numerical values in the above 
equation. 

Now, according to spectroscopic evidence, 


where g is the Lande splitting factor, so that the measurement 
of the gyromagnetic ratio enables one to calculate the mean value 
of g. For all the ferromagnetic substances investigated, g = 2 
within the limits of experimental error. This, interpreted on 

* See Section 1. 

t See Einstein and Haas, Verh. d. deut. Phys . GeselL, 17, 152 (1915); 
Chattoek and Bates, Phil. TreatsA, 223, 257 (1922) : Sucks mit h and Bates, 
Proc. Roy. Soe. t A , 104, 499 (1923) 
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modem theory, indicates that ferromagnetism is due to the spin of 
t lie,electron. It does not necessarily mean that the carrier* are 
free electrons. They may be free, or they may tie electrons in 
atoms free to change their direction of spin. 

For paramagnetic materials theory and experiment indicate 
that the magnetic moment is due. in general, to the resultant of 
orbital and spin moments. Until recently, however, the gyro- 
magnetic effect for paramagnetic* had not been measured, since 
they could not be strongly enough magnetised. Suckmiith * has 
now devised a method for measuring the ratio p p and n suits have 
been obtained for the Dy ~ " ion in Dy 2 0 ;j . The value of g is 
calculated by means of the two formula.*, t 

p = 1107 C U K 

and p = 4*07 g \/j(j — 1). 

For Dv" 1 "^" 1 " j = 15/2, and the number of Weiss magnetons, p, 
calculated from these two formula is 53. whereas susceptibility 
determinations gave 52. The measurements of the gyro magnetic- 
ratio for this ion give the value of g as 1*28— 7 per cent., in excel¬ 
lent agreement with the theoretical value 4 3. 

Preliminary measurements on the gyromagnetie ratio have also 
been made by Sucksmith J on Mn. ~ and Cr . The results so 
far obtained for these two ions give g > 2 . In the ease of Mn 
all theories agree well with susceptibility measurements, and 
g = 2 . For Cr + ++ the original Hund theory gives g equal to 2 5, 
while calculation from the Laporte-Sommerfeld expression predicts 
a mean value of 1*4. Cr + ^" f is, therefore, another ion for which 
a direct determination of the gyromagnetie effect is required. 

20. Magneto-resistance Effects. On the basis of their changes in 
electrical resistance when placed in a strong magnetic field, 
metals and alloys may be assigned to one, or the other, of two 
groups. Members of the first and more numerous group increase 
in resistance, whatever may be the relative directions of the 
current, i, and the applied field, H. Members of the second group 

* Proc. Phys. Soc 42, 385 <1930). 

f See Section 9. 

| Loc. cit. 
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increase in resistance if the current and the field are parallel, and 
decrease if they are perpendicular. All members of the second 
group are ferromagnetic*, and no ferromagnetics occur in the first 
group. 

In the ease of nickel,* the magnitude of the longitudinal 
magneto-resistance effect, i and II parallel, is nearly the same for 
all directions in a monocrystalline specimen, but with iron,f the 
longitudinal effect in monocrystals differs widely in magnitude for 
erystallographically different directions. The same applies to 
cobalt n lonoerystals. 

Webster's experimental results for the longitudinal effect in a 
single iron crystal are shown in Fig. 48. The most remarkable 
fact is that, in spite of the enormous change of length (magneto¬ 
striction effect) for the (100) direction, there is practically no 
change of resistance. There is, however, a remarkable parallelism 
between the change of resistance for the other dii’ections and their 
contraction in magnetostriction. Webster concludes that the 
change of resistance is caused by the distortion of some type of 
electron lattice. i.*\, the pulling away of the magnetic axes of the 
electrons from their normal cubic direction against the internal 
field. He has also shown that in the case of the transverse effect, 
i perpendicular to //. there is a small change of resistance, 
approximately proportional to the applied field. There is, in 
addition, a change depending for sign and magnitude on the 
directions of the current and magnetic field. This is the 
definitely crystalline effect, and it has the important property 
of vanishing whenever the magnetic field is parallel to a cubic 
axis, i.e., whenever the magnetic condition of the iron is normal. 

The effect in nickel along the (100) and (110) directions is exactly 
similar to that for iron, for the magnetically corresponding 
directions. In the ease of the transverse effect, there is also a 
change of resistance with magnetisation along the (111) axis, but 
in this case it is a decrease of resistance. It seems to be due to 
electrical anisotropy of nickel, magnetised along its magnetic axis. 

Another effect, closely related to the ferromagnetic properties. 

* See Kava, Sci. 
t See Webster, 


, 17, 945 (1928). 

SocA, 113, 196 (1926). 
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is the change of resistance with temperature. At temperatures 
above the Curie point nickel behaves like any other metallic 
conductor, in that the temperaturc-eoellieient of resistance is 
constant for a considerable range of temperature. Immediately 



below the Curie point the resistance very quickly decreases with 
falling temperature.* The explanation of this phenomenon is. at 
present, somewhat uncertain. 

21. Intense Magnetic Fields. Until recently, the use of electro¬ 
magnets limited the field strength to approximately 50,000 gauss, 

* See Gerlach, Proc. Phys. Soc 42, 431 (1930). 
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whereas calculations show that the magnitude of the magnetic 
fields in the atom produced by moving electrons, even for the 
most loosely bound electrons, should be of the order of 1,000,000 
gauss. 

Now the magnetic field produced by a current in a coil of wire 
is proportional to the current, and the maximum field is really 
determined by the maximum heat permissible. Kapitza * con¬ 
ceived the idea of producing the magnetic field for such a short 
time interval that the coil has practically no time to overheat. 
In the first place he used specially made accumulators, of small 
capacity and small internal resistance. They were charged for a 
few minutes, and then discharged in 0*01 second, magnetic fields of 
100.000 gauss being produced. Later, he replaced the accumu¬ 
lators by a single phase alternating current turbo-alternator. 
Such a type of machine, when short-circuited, can deliver very 
large impulses of current; 50,000 kilowatts were actually obtained. 

Although the time during which the intense magnetic field 
(300,000 gauss) persists is only 0*01 second, this interval is very 
long compared with that required for the magnetic phenomena, 
occurring in the atom, to establish themselves, and the loss of time 
in most experiments is compensated by gain in magnitude of 
the phenomenon observed. 

The following phenomena in intense magnetic fields were 
investigated ; the change of resistance of metals, the suscepti¬ 
bility of certain metals, magnetostriction in metals and the a-ray 
tracks. 

More recently Kapitza f designed a high frequency, damped 
sensitive type of balance by means of which it is possible to 
measure forces of a few' grams in a time of the order of a hundredth 
of a second. By means of it he has found that the magnetisation 
of iron and nickel, after saturation, remains practically constant 
up to fields of 280 kilogauss. This result is in agreement with the 
VV ei&s-Langevin theory of ferromagnetism. 

For gadolium sulphate a deviation from the linear law of 
magnetisation at the temperature of liquid nitrogen was observed, 

* Proc. Boy. Soc.4, 123, 292 (1929). 
t Ibid., 131, 224 (1931). 
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the magnitude of which agrees with the value given by the 
Langevin theory. 

The magnetisation of bismuth for different crystal orientations 
at room temperature and at the temperature of liquid nitrogen 
has been measured, anti found to be proportional to the magnetic* 
field. From these results the dependence of the magnetic 
susceptibility on the temperature can be estimated for different 
crystal orientations. 

22. Electrical Conduction in Intense Magnetic Fields. The 


T 



apparatus used by Kapitza for the investigation of the electrical 
conductivity of metals is shown in Fig. 49. The magnetic field 
was produced for a short time interval in the coil A. in the opening 
of which was placed the Dewar flask C, containing the conductor B, 
whose behaviour in the magnetic field was to be studied. The 
current was sent through the conductor from the battery G. 
through the resistance H and the sector interruptor L, and was 
recorded by the oscillograph F. The make and break of the 
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current through the conductor was produced by the two switches. 
IC J. which were operated automatically, and timed with tile 
current wave through the coil. The current through the coil was: 
recorded by the oscillograph Y, and the potential difference across 
the conductor by a very sensitive oscillograph X. 

The change of resistance was determined by measuring the 

ratio of the amplitude of 
the deflection of the 
potential oscillograph X 
with no field, to the 
amplitude when the 
field was on. The mag¬ 
netic field was deduced 
from the amplitude of 
the curve drawn by the 
oscillograph Y, and the 
electromotive force in¬ 
duced by the variation 
of the magnetic field 
was eliminated by the 
sector L. For each 
metal, at a given tem¬ 
perature, two oscillo¬ 
grams were taken, one 
in which the field varied 
from 0 to 125 kilogauss, 
and the other from 
0 to 300 kilogauss. 

Fku 50.—i'ritical magnetic field and Most of the metals 
additional resistance. (Kapitza.) . t i , , t 

1 ' were studied at three 

temperatures, room temperature (290° K), 193° K and 88° K. 
It was found that in every case with the weaker magnetic fields 

SR 

the relative change of resistance -g- was proportional to the 

square of the magnetic field, SR being the increase of the resistance, 
and R the resistance at the corresponding temperature- For 
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stronger fields the increase of resistance follows a linear law, — 

R 

being proportional to II. If an asymptote be drawn to the linear 

8R 

part of the ^ — II curve, it intercepts the axis of abscissa* at a 

magnetic field point II K . as shown in Fig. .30. This value II K 
is known as the critical field. The following formula* were found 
to express the change of resistance within the limits of experi¬ 
mental error : 


for II <: II. 


— ( // - Hr- 




H > IF 


where j8 is a constant depending on the tangent of tile angle 
between the asymptote and the II axis. These two formula* 
represent a continuous line, as it can easily be seen that at II =■ II K 
the curves will have the same value for the ordinate and also a 
common tangent. The linear part appears to be independent of 
the physical (crystalline) state of the metal, and to he related to 
the position of the element in the periodic table. Also the 
change of resistance depends on the direction of the field II with 
respect to the current in the conductor. 

Typical curves are shown in Fig. 51. and the following results 
were obtained : 

First Group of Elements , Li to An. The value of 3 always 
diminishes from light elements to heavy ones but the changes in 
the value of SR/R are small. 

Second Group of Elements, Be to Hg. This group shows a large 
change of resistance even at liquid 0O 2 temperature. 

Third and Fourth Groups of Elements , Al to Th. Gallium has 
the smallest critical field, H K . of all the metals examined. It 
appears to be only about 5,000 gauss. 

Fifth Group of Elements , As to Ta. This group contains the 
two elements, bismuth and antimony, which are known to show 
a very large change of resistance in a magnetic field. Arsenic 
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is similar to these two elements, i.e ., strongly diamagnetic. It 
must therefore behave in a similar manner. 

Sixth „ Seventh and Eighth Groups of Elements. Cr to Pt. In these 
groups Cr, 3Io and W show a very considerable change of resistance, 
but the effect among members of the eighth group of elements 

is very small. Ferro¬ 
magnetic metals exhibit 
a considerable change of 
resistance in weak mag¬ 
netic fields, but compara¬ 
tively small changes in 
strong fields. 

Summarising his re¬ 
sults, Kapitza finds that 
the increase of resistance 
is, at first, proportional 
to the square of the 
magnetic field, but as 
the intensity of the 
latter is raised, the 
increase of resistance 
becomes directly propor¬ 
tional to the field. This 
change from the square 
to the linear law takes 
place gradually after a 
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critical field H K has been 


Fig. 51.—Change of resistance of copper 
in intense magnetic fields. (Liquid 
nitrogen temperature.) 


exceeded which, for dif¬ 
ferent substances, ranges 
from 5 to 250 kilogauss. 

He explains the phenomena by supposing that when the field 
is weak below' the critical value, H K , some internal 

phenomenon prevents the appearance of the linear law, which is 
the true law of change of resistance, and the latter is fully 
established only when the field is well above the critical value. 
He assumes an initial disturbance in the metal, produced by an 
internal magnetic field, distributed at random in the conductor. 
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When the external field is applied, the disturbance which causes 
the increase of resistance is due to the vectorial sum of the applied 
and randomly distributed fields, and the increase of resistance is 
proportional to this sum. As the disturbance produced by the 
external field becomes larger than that due to the internal field, 
we have the gradual approach to a linear law. 

Kapitza considers that the total resistance observed in a metal 
is equal to the sum of R-, an ideal resistance, and 5R fl an additional 
resistance . The former is constant for any given element at a 
given temperature, whereas the total resistance, R. may vary 
according to the physical and chemical state of the substance. 
To a first approximation, 8R 0 is not affected by temperature, but 
R t diminishes rapidly with decreasing temperature, more so for 
the lighter elements than for the heavier ones. Kapitza suggests 
that his additional resistance and the residual resistance fount! by 
Kamerlingh Onnes are identical, and that the phenomenon of 
superconductivity consists in the disappearance of the additional 
resistance, the resistance of the conductor then being equal to its 
ideal resistance. According to this view, superconductivity is 
not a phenomenon confined only to certain metals, but can exbf 
in all metals, only it is masked by the additional resistance, winch 
does not disappear in most metals at low temperatures. The 
additional resistance from Kapitza’s point of view lias a different 
origin from the ideal resistance. It is mainly, if not entirely, 
produced by the structural and chemical imperfections of the 
metal in the conductor, whilst the ideal resistance depends on the 
temperature only, and in all metallic conductors probably dis¬ 
appears continuously, but very rapidly, as the metal is cooled, 
so that at a sufficiently low temperature it has immeasurably 
small values. This general theory cannot be applied, however, to 
arsenic, antimony and bismuth without some reservation. 

Other measurements of the resistance of conductors in magnetic 
fields at low temperatures have been made by Meissner and 
Scheffers,* Schubnikow and Haas,f Meissner and Voigt,J and 

* JPhys. Zeits ., 30, 827 (1929) ; 31, - 
f Comm. JPhys. JLab. Leiden, No. 207. 
t Ann. d. Phys. 9 7, 761 (1930) ; 892 (1931). 
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by Haas and Voogd.* Meissner and Scheffers found that their 
results for gold could be expressed by means of the formula : 


R 0 is the resistance at 0° C., and SR, the increase in 
resistance. This formula also becomes linear in form when H is 
very large, compared with H K , and quadratic when H is small. 
The measurements of Kamerlingh Onnes and Tuyn f show that 
for lead in the superconducting state at 4*2° K.. the resistance 
is of the order 10“" 10 of that at 273° IC whereas the value calculated 
by Meissner and Scheffers is only 10“ 4 of that at 273° K., a 
value 10® too large. Borelius J has shown that with decrease 
of temperature the law of change of resistance gradually alters, 
ng a higher power of the temperature, T , as the latter 
At first the resistance varies as T 2 , then for a shorter 
range as TK and for a still shorter range of temperature, as T 4 . 
Tin. iv are no evident reasons for supposing that this steady 
increase of power of the T 's with decreasing ranges of temperature 
when the temperature is approaching the absolute zero. 
It thm tppt-ais impossible to extrapolate the resistance value at 
4*2 K. with any degree of accuracy, but at the same time the 
istance must attain the very small values actually 
in the superconducting state. 

Kupitza's suggestions with regard to the law of change of 
u d-tanee in a magnetic field, and also with regard to super¬ 
conductivity. form a definite working hypothesis, which permits 
a new and definite line of research to be instituted. Although 
much more experimental justification for the accuracy of the 
underlying assumption is still required, the experimental data 
of Meissner and Scheffers seem not only to strengthen the 
correctness of the underlying ideas of Kapitza ? s theory, but also to 
widen the range of their application.! 

23. Theories of Ferromagnetism. Many attempts have been 
made to explain the stability of magnetisation, which distinguishes 

* Comm. Phys. Lab. Leiden, No. 212. 

t Ibid., No. 198. 

I Zeits.f. Phys., 54, 807 (1929). 

§ See Be the. Mature, 127, 836 (1931). 
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ferromagnetic materials from all others, by means of unitary 
magnets, arranged in a crystalline way. Some of these theories 
will now be considered. 

j Ewing's Theory. Ewing * postulated an extended group of 
identical molecular magnets, such magnets being centred at all 
the corners of a square-meshed plane net. with their axes parallel 
and in the plane of the net. As a randomly-directed magnetic Held 
in the plane of the net is first increased from zero to a sufficiently 
high value, reduced to zero, and then increased in the opposite 
sense, the predicted behaviour of the magnetic moment of the 
aggregate is strikingly similar to the observed behaviour of the 
magnetic moment of a real piece of iron, held stationary and 
subjected to the same treatment. For a three-dimensional model 
Ewing supposed the square-meshed nets to be superposed as 
required, but although the models which he constructed exhibit the 
principal phenomena of ferromagnetism in a highly satisfactory 
manner, attempts to fix the length of an atomic magnet gave rise to 
serious difficulties. Ewing recognised that no single value of tHe¬ 
rat io of the length of the magnet to the lattice constant could 
satisfy the experimental data. If the ratio is made practically equal 
to unity, the maximum stable deflection may be made as small as 
the narrow range of elastic magnetisation requires. Then, h« nv- 
ever, the intensity of the applied field, required to upset tlu- initial 
arrangement, becomes much too great. To overcome thus 
difficulty Ewing f shortened the magnet responsible for the 
intensity of magnetisation, introducing for its proper control a 
symmetrical group of magnets fixed in the atom, and also fixed 
with respect to the crystal space-lattice. This model then 
resembles others of recent date. 

On his theory hysteresis energy-losses must be accounted for by 
the dissipation of magnetic potential energy, whenever sudden 
changes of the orientation of atomic magnets occur. 

Peddle's Theory. Peddie J considered the magnetic stability of 
co-directed magnetic doublets, arranged on a space lattice. He 

* Proc. Roy . Soc . Edinb ., 47, 141 (1927). 

f Proc . Roy. Soc., A , 100, 449 (1922). 

j Proc. Roy. Soc. Edinb., 47, 165 (1927), and earlier papers. 
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calculated the magnetic field at a lattice-point, due to equal 
doublets at all the other lattice-points of an infinite lattice. If 
this field coincides in direction with that chosen for the doublet 
axes, the arrangement is inherently stable, and the degree of 
stability is measured by the computed field intensity. If the 
computed field direction is not that of the doublet axes, an applied 
field, with a suitable component perpendicular to the doubletaxes, 
is necessary and sufficient for stability. According to his assump- 
, turns, all changes of orientation of the atomic magnets are 
j continuous, so that the theory makes no provision for that magnetic 
\ hysteresis which is the distinguishing feature of ferromagnetism. 
What it does explain is the difference in the direction of the 
intensity of magnetisation, corresponding to magnetic saturation, 
and the applied field. Peddie’s theory is inapplicable for small 
values of the field. 

Gams'$ Theory. Gans * assumes that the axes of the unitary 
magnets are arranged in space according to a general distribution 
function, which can be specialised to suit various initial conditions. 
His theory ignores the crystalline character of the medium, by 
ps^tulating that the magnetisation shall always be parallel to the 
applied field. More recently* f he has proposed a theory for the 
magnetisation of polycrystalline metals which includes more of the 
essential phenomena. Each crystallite is supposed to have a 
singular direction of easiest magnetisation and a sensibly 
rectangular hysteresis loop. The magnetisation curves and 
hysteresis loops, computed on assuming further that the distribu¬ 
tion of unique directions of magnetisation in space is at random, 
agree very well with curves regarded as typical of well-annealed 
metal. He divides the effective field in each crystallite into three 
parts : the applied field, the field due to the combined action of 
remote parts of the specimen, and the field due to the adjacent 
crystallites. The direction and magnitude of the third component 
alone vary* from point to point, so as to account for the different 
values of the applied field and of the average magnetisation at 
which discontinuities occur. He has succeeded in demonstrating 

* Ann. d. Rhys ., 63, 382 (1920). 

f Schriftcr d. K&nigsb. gelehrten Ges. Naturwiss., 6, 2 (1929). 
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the underlying diamagnetism of a ferromagnetic alloy—permalloy 
—in a field exceeding 8,000 gauss. 

MuhajanTs Theory . Mahajani * also makes the stabilising 
mechanism purely magnetic, and considers the unitary magnets to 
have linear dimensions comparable with interatomic distances. 
Two types of crystals are considered, viz., iron with cubic structure 
and pyrrhotite with non-cubic structure. 

Now in a crystal the internal, or molecular, magnetic field of 
Weiss is not, in general, parallel to I, the intensity of magnetisation, 
but its components (H M ), f and referred to the 

principal axes of magnetisation, are assumed by Weiss to be 
proportional to the components of I along these axes : 

( H u)s = 

{H m) 1 , = »*A,' 

( H ,\[)z = 

where m y , m z are constants. But in a cubic crystal we 
should expect ni x = m y = m z . i.e ., magnetic isotropy in such 
media. Ferromagnetic cubic crystals are certainly not isotropic, 
so Webster f has suggested that these simple equations for {II u > x , 
(H u ) y and (H 21 ) z must be abandoned and more complicated forms 
substituted. Mahajani uses the expressions : 

= m x («iC -r + " 5 1 / — ■■■), 

( H m)« = m ,j + a a l* + a.I/ — 

{ H m)z = m z («1 h + a sh 3 -T "oV S- • • - ). 

considering two terms for cubic crystals, and one for non-cubic 
crystals. The quantities derived from experiment are the 
maximum values of the molecular field, i.e., (H^)^ for I along the 
<r-axis, etc. In Webster’s experiments these are of the order 500 
gauss, and to satisfy this, Mahajani assumed the radius of his 
Weber element to be about 2 x 10"“ 9 cm., a reasonable value for 
an electronic orbit. 

He makes one improbable assumption, viz ., that the atomic 

* Phil. Trans., 228, 63 (1929). 

Soc.^ A . 107 . 496 < 
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magnets, associated with one of the two simple cubic space-lattices, 
into which the body-centred cubic space-lattice of iron may be 
decomposed, are always all parallel to one line, those associated 
with tiie other simple cubic-lattice to another. Since the points 
of these two lattices ought to be crystallographically equivalent, 
there is no reason for this postulate on physical or chemical 
grounds. The quantitative success of the theory does not depend, 
however, upon this assumption. 

Akulov's Theory. In his treatment of ferromagnetic crystals 
Akulov * considers not only the torque exerted upon each atomic* 
magnet by the whole array, but also the anisotropic cohesive 
forces which arise when the magnets are co-direeted in various 
crystallographic directions. His theory agrees with the magneto- 
striction observed in single crystals by Webster "f* and by Honda 
ami Mushiyama.f It ignores hysteresis, and can only apply with 
rigour to relatively intense magnetisations where the width of the 
hysteresis loop becomes negligible. If 1^ is the intensity of 
magnetisation parallel to the applied field H A , Akulov measures 
the area between the 1^ axis and the I p — H A curve, up to a line 
drawn parallel to the H A axis at a distance I s therefrom, where I, 
is the saturation value of l p . This area changes as the direction 
of II | is rotated about in a chosen crystallographic plane containing 
two axes, for which the direction of I is parallel to H A . The curve 
connecting the area, thus measured, with the azimuth of I1 A is 
closely reproduced by the theory. 

In extending his theory to lower field intensities Akulov assumes, 
contrary to custom, that the atomic magnets point in all possible 
directions when the crystal is unmagnetised, i.e., their orientations 
are in statistical disorder. He also assumes spatial quantisation 
with respect to the applied field, H A . The local magnetic field 
arising from neighbouring atoms is thus ignored. He also supposes 
that there are only two stable orientations for each magnet, one 
parallel to H A . and the other anti-parallel. Starting from these 
postulates he arrives at the following results for magnetisation. If 

* Zeit*. f. P%®., 52, 389 (1928) ; 54, 582 ; 57, 249 (1929) ; 59, 254 (1930); 
<69,78(1931). 

* Proc. Roy. Soc. A, 109, 570 (1925). 

* Sei. Rep. Ttrfwku Imp . Univ., 15, 755 (1926). 
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the areas between l p — -II A curves are taken, not up to 1^ as before. 


but up to any arbitrary value, l p , the curves H A dl p — cf> 3 where 

Jo 

r 1 * 

4> is the azimuth of II A , are derivable from the curve | H t dl p — <f>, by 

*o 

a mere change of scale. If I is maintained constant in magnitude 
by a suitable choice of II A . the theory predicts that as the direction 
of I is allowed to vary, H A I is the same function of the direction 
of I for all values of I. Both of these predictions have been 
verified experimentally. Also, by means of the theory, the value 
of H a — may be calculated where II A and ( H A \ 0 are. 

respectively, the magnitude of the applied field in a random 
direction, and that in a principal direction of magnetisation, 
corresponding to a given value of 1^. The pre.l:c:ed values agree 
with the experimental ones. 

Akulov’s theory is very successful in dealing with those ferro¬ 
magnetic phenomena which are important in magnetic fields 
of strength greater than the coercive force. Under these conditions 
we can imagine, as a first approximation, that the whole array of 
atomic magnets wheels together under the action of an increasing 
magnetic field, constant in direction. 

Becker's Theory. Becker * assumes distortion of the space- 
lattice, and by means of this assumption correlates magnetic 
properties with mechanical strains. In this respect he follows 
many workers who have concluded that mechanical constraints 
are the chief, if not the only, source of ferromagnetic stability and 
resulting hysteresis. 

As an approximation, Becker postulates that the direction of I 
lies always in the plane determined by the direction of II A and 
that of the strain-determined spontaneous magnetisation, I 0 . 
The form and dimensions of the regions within which I 0 may be 
considered constant in direction are undetermined. If the regions 
contain but a few atoms each, the stable orientation of each atom 

* Zeits.f. IPhy 9 ., 62, 253 (1930)- 
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is fixed mechanically by the distances and orientations of its 
nearest neighbours. 

A magnetisation curve, appropriate to crystalline metal, is 
derived by Becker on the assumption that the local strains, which 
fix in each region the direction of its initial magnetisation, are 
large in comparison with magnetostriction strains, so that the 
change in the elastic energy, due to rotating the magnets in any 
region, may be negligible. The degree of strain in each region, 
and the direction of magnetisation which the strain stabilises, 
together lix a critical field, different for different directions of H 4 , 
at which discontinuous changes in l p take place for sufficiently 
wide ranges in H A . In this manner Becker accounts for the 
coercive force, remanent magnetisation, a single Barkhausen 
discontinuity, and a hysteresis energy loss per cycle for each 
region. An averaging over all the regions leads to the kind of 
hysteresis loop usually found in practice. 

On this theory the maximum coercive force, explicable by 
purely elastic strains, is 140 gauss, a good approximation to 
experimental facts. The coercive force depends directly upon the 
numerical factor which determines the magnitude and sign of the 
longitudinal magnetostriction. The wide variation of remanent 
magnetisation in different materials is attributed to the wide 
differences in the distribution function for the directions of the 
spontaneous magnetisation in the unmagnetised specimen. 

Elastic stress on the specimen, as a whole, will be expected to 
alter the coercive force and the remanent magnetism in the general 
way in which experiment shows that they do vary. It is interesting 
to note in this connection that Ewing visualised the importance of 
elastic strain in changing the orientation of the magnets in his 
original model. He did not, however, imagine an initial strain 
which Becker postulates. 

Heisenberg's Theory . The classical and older quantum 
theories could give no satisfactory explanation of the internal, or 
int rinsic. Held phenomena. Heisenberg* has now shown how these 
may arise from a type of interaction, characteristic of the newer 
quantum mechanics. Consider an ideal ferromagnetic substance 
* ZetU.f- Phyz., 49, 619 (1928) ; 69, 287 (1931). 
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consisting of an aggregate of atoms, each containing one electron 
free to change its orientation, the remainder of the atom having 
no magnetic effect. Each atom can interact with its neighbours. 
For two hydrogen atoms at a given distance apart, there are two 
possible energy states, in one of which the electronic orbits are 
parallel and in the other anti-parallel. The difference in energy 
between these two states far exceeds that due to the purely 
magnetic interaction. Similarly in the ideal ferromagnetic, the 
energy will depend indirectly on the mutual orientation of the 
electronic orbits in neighbouring atoms. The electron interchange 
is not an actual transfer of an electron from one atom to another, 
and vice-versa , as the word interchange might seem to imply, but 
only a mutual effect of two electrons, one in atom A, say, and one 
in atom B, by which the states, permissible to each, are reduced 
in number, and in particular the state of mutual parallelism of 
electronic orbits is made more probable. 

A complicated statistical treatment is applied to the crystal as a 
whole, and expressions are obtained for the Curie-point and the 
variation of magnetisation with temperature, in terms of the 
interchange interaction, and the number of neighbours of each 
atom. As a first approximation, the expressions obtained agree 
with those from the Weiss theory, and so are in agreement with 
experiment ; the detailed expressions, however, are unsatisfac¬ 
tory, and indicate that some modification in the treatment is 
necessary. 

Slater * has made important progress in discovering a reason 
for the unique position of iron, cobalt and nickel as ferromagnetic 
elements, by importing into the theory the idea that the probability 
of interaction increases as the ratio of interatomic distance to 
radius of incompleted electron shell increases. 

Other Theories . Other theories have been proposed by Dorf- 
man and his colleagues f and by Dillinger.J Powell § has 
explained the facts with regard to the magnetisation of single 
ferromagnetic crystals by taking into account the magnetic 

* Phys. Rev. 35, 509 ; 36, 57 (1930). 
t Zeits. f. Phys., 54, 277 (1929) ; 289 (1929). 
t Phys. Rev., 33, 398 (1929). 

§ Proc. Roy. SocA, 130, 167 (1931). 
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interaction between each electron and the atom to which 
belongs. Fowler and Powell * have amplified this theory. 
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CHAPTER VIII 


ELECTRICITY 

1. Electric Moment and Dielectric Constant, Faraday eon- 
eluded that the particles of an insiilatinur dielectric, whilst under 
induction, may be compared to a series of small insulated con¬ 
ductors, and further, he assumed that each of these conductors 
consisted of a single molecule which could be polarised as a whole. 
When this polarisation occurs, one side of the molecule acquires a 
positive charge and the opposite side a negative «me of equal 
magnitude, so that the molecule as a whole i> neutral. This pair 
of charges may be regarded as forming a small doublet, or dipole. 
and for any dielectric we have the CIuusius-Mos*otti relation : 

K — I 1 

7 :—;—- . 7 = constant , 

in which K is the dielectric constant and rL the density. The 
approximate constancy of the expression, called the polledbillon, 
was established for substances of low dielectric constant, but in 
many cases, particularly those of high dielectric constant, the 
polarisation was found to vary greatly with the temperature. 

Debye * has applied to dielectrics a treatment analogous to that 
used by Langevin in discussing paramagnetism, assuming that a 
molecule may contain a permanent doublet of moment ft, which 
causes the molecule to become oriented in an electric field, so 
that the effect of the doublet, induced by an applied Held, is 
then superimposed upon that of the permanent doublet. The 
orientation of the molecule containing the doublet is opjx>sed 
by thermal agitation of the molecules which, of course, varies 
with the temperature. Debye has proposed the following formula 

* “ Handbuch der Radiologic ” (1025). 
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for the polarisation of a gram-molecule of a substance i.e. the 
molar polarisation , P. 

n K — 1 3/ 4ttJV 4 77 A 7 p 2 

F = A” — 2 ' ~d = T" 7 + 3 ‘ 3A-2’’ 

where 3/ is the molecular weight, N , the number of molecules per 
gram-molecule, i.e. 6*061 X 10 23 , y, the molecular polarisability, or 
the moment of the doublet induced on a molecule by a held of 
strength unity, A% the molecular gas constant, i.e,, 1*372 x 10"~ 16 , 
T. the absolute temperature ; p is the mean component of the 
moment per molecule in the direction of an internal field of 
unit strength. As T is the only variable on the right of the above 
equation, it is evident that when the molecule contains no per¬ 
manent doublet (p —0) the second term on the right-hand side is 
missing, and the equation becomes equivalent to the Clausius- 
Mossotti expression, which takes account only of doublets induced 
in molecules. However, when the molecule is unsymmetrical 
electrically in that it contains a permanent doublet, polarisation 
is a linear function of l/2\ and the second term on the right-hand 
side of the equation may be much larger than the first. 

The expression for P may be written in the form : 



4ttJ\ T 4 77A T p 2 

where c= — 7;6 = -^F~- 

In the derivation of this equation on the basis of classical 
mechanics, it is necessary to suppose that in the absence of an 
external held, the molecules • are oriented at random. The 
application of the principle of quantised orientation to the problem 
led to an equation of the same general form, but with a different 
coefficient for the second term.* However, the. applications of 
the new quantum mechanics to simple polyatomic molecules have 

* S*e Pauli, Zeits., 6, 319 (1921); Pauling. Proc. Nat. Acad . Sci. t 12, 

32 ( 192 »). * 



THEORY OF DIELECTRICS 


327 


given equations from which results, practically identical with 
those of the Debye equation, may be obtained.* * * § 

When the molecules are not exactly free to orient in an applied 
field, the equation cannot be expected to apply. For gases, the 
dielectric constants of which are close to unity, simplification may 
be effected by setting K + 2 = 3. The validity of this simplified 
equation has been established experimentally by Jona, i Zahn, % 
Sanger,§ and others, [[ 

Zahn, for example, used an improved heterodyne null-method 
of measurement ; the beats between two high-frequency oscilla¬ 
tions from separate valve generators were adjusted to the frequency 
of a tuning fork, the small change of capacity due to the intro¬ 
duction of the gas being compensated by a considerable change in 
a large capacity placed in series with the gas condenser. 

Xow, according to Debye’s theory, the dielectric constant of a 
gas may be written in the form : 

(K - 1) z T = AT -r B 

where v is the specific volume, referred to normal temperature and 
pressure, occupied by 1 e.c. of an ideal gas, A , a constant which 
represents the electric polarisation due to induced distortion in a 
molecule, and B , a constant which is a function of the orientation 
polarisation, and is proportional to the square of the electric 
moment of the molecule (yr = 1*198 X 10~ 36 B). If (K — 1 )vT is 
plotted against values of T , a straight line is obtained of slope A 
and intercept B , the latter determining y. For gases of symmetrical 
structure B — 0 , and the straight line passes through the origin 
of co-ordinates. 

Some of the results obtained by Zahn and Zahn and Miles are 
, in Table XI. 

* See Kronig., JProc. Roy. Acad. Sci 12, 488 (1920) ; Mensing and Pauli, 
Phys. Zeits ., 27, 509 (1926) ; Manebuck, Phys. Zeits., 27, 563 ( 1926 ) ; Van 
VIeek, Phys. Rev., 30, 31 (1927). 

t Phys. Zeits. ,20, 14 (1919). 

% Phys. Rev., 27, 455 (1926). 

§ Phys. Zeits., 28, 455 (1927). 

|| See Smyth and Zahn, Joum. Amer. Chem. Sac., 47, 2501 (1925) ; Weigt, 
Phys. Zeits., 22, 643 (1921). 

f Phys. Rev., 32, 497 (1928). 
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Table XI. The Electric Moment of the Molecules 

of Gases. 


Gas 

Values of A x 10 6 . 

Values of B. 

Values of x 10 18 
(Electrostatic units.) 

HC1 

1,040 

0-895 

1-03 

HBr 

1,212 

0-52 

0-79 

HI 

1,856 

0-12 

0-38 

c 2 h 2 

1,334 

0 

0 • 

c 2 h 4 

1,444 

0 

0 

c 2 h 6 

1,501 

0 

0 

c 4 h 8 

2,694 

0-115 

0*37 

n 2 

580 

0 

0 

co 2 

958 

0-003 

0-06 

nh 3 

768 

1-74 

1-44 

so 2 

1,433 

2-167 

1-61 

h 2 s 

1,223 

0-722 

0*93 

CO 

670 

0-007 

0-10 

cs 2 

2,798 

0-089 

0-32 


The moment of a permanently polarised molecule might be 
measured as in Gerlach and Stern’s experiment on the magnetic 
deviation of atomic rays. Clark * proceeded on simpler lines. 
He used a narrow beam of molecules in the path of which was 
placed a wire at right angles to the direction of the beam, and 
maintained by a battery at a potential considerably greater than 
that of a co-axial cylinder surrounding it. The electric field 
outside the wire could therefore be calculated. As the wire is in 
the beam, some molecules will pass on either side of it, and from 
the resulting deflection the electric moment of the molecule can be 
calculated. The value found for As 2 0 3 was 1-3 x 10 —19 E.S.U. 
This is of the right order of magnitude as predicted by the theory of 
permanent dipoles put forward by Debye, and further, the moment 
did not appear to be influenced by the strength of the field ; it is 
therefore a permanent characteristic of the molecule. The results 
also showed that there was no definite orientation of the molecules, 


* JProc. Roy . Soc ., A, 124, 689 (1929). 
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save parallel, or antiparallel, to the field, but a distinction between 
parallel and antiparallel orientation could not be made in this 

experiment. 

Keyes and Kirkwood * * * § have recently determined the dielectric 
constant of CO a and NH 3 at different temperatures and pressures, 
Fucks f has measured the value of the constant of some organic 
vapours, and McLennan, Jacobsen and Wilhelm $ that of liquid 
nitrogen, argon, methane and nitrous oxide. 

In liquids the molecules are so close together that large doublets 
attract one another, forming complex molecules, or restricting 
one another’s freedom of motion. The first term of Debye’s 
equation is little affected by the mutual action of the molecules, 
but the second term is decreased owing to lack of freedom of 
the molecules. The inapplicability of the equation to certain 
dipole liquids was shown by Smyth § and Lange.|| 

Debye’s equation has also been developed in the more general 
form : 

K — 1 M 4>ttN v* 

K + 2 ~d 3 'id-: ’ SkT 9 


in which oj is the frequency of the applied alternating field and a> 0 , a 
characteristic frequency, equal to kTj4a7Ta z y, a being the molecular 
radius and rj, the coefficient of viscosity of the dielectric. Under 
ordinary conditions of measurement o> is so small in comparison 
with co 0 that oj/ co Q is negligible, and the equation becomes identical 
with the simpler one already discussed, so that the dielectric 
constants of gases and of liquids of normal viscosity are 
independent of the frequency down to very short wave-lengths. 
As the frequency is increased, until the wave-length is but a few 
centimetres, the value of co/oj 0 becomes appreciable, and rapidly 
increases with decreasing wave-length. Mizushima,*[[ measuring 

* Phys. Rev., 36, 754, 1570 (1930). 

f Zeits.f. Phys., 63, 824 (1930). 

X Trans. Roy . Soc., Canada, 24, 37 (1930). 

§ Phil. Mag., 45, 849 (1923). 

|| Phys. Zeits., 33, 169 (1925). 

Sci. Papers, Inst. Phys.-Chem. Research , Tokyo, 5, 201 (1927). 
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the dielectric constants of a number of alcohols at wave-lengths 
3*08, 9*5 and 50 metres, respectively, has found that at a given, 
temperature, the dielectric constant begins to decrease at a shorter 
wave-length the larger the molecule, and for a given molecule the 
temperature at which the decrease begins is higher the shorter the 
wave-length. 

Measurements of the variation of dielectric constants with 
frequency have also been made by Boeh,* Tear,| Nichols and 
Tear % and Johnstone and Williams.§ 

An explanation of this effect may be summarised as follows : 
the polarisation due to orientation will decrease as the frequency 
of the field is increased, and will vanish when the frequency 
becomes sufficiently high. Under the latter conditions the 
dielectric constant of the medium is equal to n 2 , where 
n is the refractive index. The transition from orientation to 
pure distortion occurs in the frequency region determined 
by WcT = constant, where -r is defined by Debye as the time of 
relaxation || of the liquid, i.e., the time required for the molecules 
to assume random distribution after the electric field is cut off. 
Debye assumes the molecules to be spheres, the dilution to be 
infinite, the inner friction , i.e ., the friction experienced by a 
molecule as it moves through a liquid, to be the same as the 
measured viscosity, and the Stokes’s formula for inner friction to 
hold. By the aid of the Einstein theory of Brownian motion, he 
derives a partial differential equation defining the distribution 
function of the dipole moments when affected by a field of variable 
frequency, and shows that: 

4tt£~ 3 

where a is the radius of the molecule and the inner friction 
coefficient. 

If the period of the external field is greater than r, the dielectric 

* Zeits.f. Phys., 31, 534 (1925). 

t Phys. Rev 21, 600 (1923). 

% Ibid., 21, 58r (1923). 

§ Ibid., 34, 1483 (1929). 

See Section 9. 

Polar Molecules ” (1929). 



THEORY OF DIELECTRICS 


331 


constant of a dipole liquid should have a high constant value, but 
as the period of the field approaches r, there will be a rapid decrease 
in the dielectric constant, and for very high frequencies it will 
become equal to the square of the refractive index of the substance. 
The effect is thus analogous to anomalous dispersion in optics, 
and has been demonstrated in polar liquids by several 
investigators. * 

When a substance is solid and the molecules are unable to orient 
in an applied field, the second term of Debye’s equation should 
disappear. Substances which possess dipoles in their molecules 
normally show a great fall in polarisation on solidification, after 
which there is little variation with temperature. However, Errera f 
reports that the dielectric constants of a number of substances 
containing electric moments, when measured at wave-lengths of 
some hundreds of kilometres, show little decrease on solidification, 
and it is only when the wave-length is reduced to about 1 km., or 
the temperature of the solid lowered far below its freezing-point, 
that the dielectric constant decreases to a value which would 
make the second term of the equation negligibly small. This 
seems to indicate that the molecules of a solid near its 
melting point possess sufficient mobility to turn slowly in an 
alternating field. 

The electric moment of a molecule is not a mere mathematical 
quantity, arbitrarily adjusted to make an equation, fit experi¬ 
mental data, but a definite physical entity, dependent upon 
molecular structure. The dependence of the dielectric constant 
upon other properties of the material may be summarised in the 
statement that it depends upon the number and mobility of the 
electrons per unit volume of material, and when the molecules 
contain electric doublets, to a much greater extent upon the size 
and arrangement of the doublets in the molecules, the freedom of 
the molecules to orient, and the number of molecules per unit 
volume. 

2. Atmospheric Electricity. There exists always and every- 

* See Lange, Zeits. f. JPhys ., 33, 169 (1925); Williams and Krchma, Journ . 
Amer. Chem. Soc., 49, 1676, 2408 (1927) ; Williams and Ogg, ibid., 50, 94 
(1928) ; Errera, Phys . Zeits., 27, 764 (1926). 

t Journ. Amer. Chem. Soc., 50,1547 (1928). 
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where a permanent electrical potential difference between the 
earth and the air, which varies with time and place but has an 
average value of 100 to 800 volts per metre. The mean con¬ 
ductivity of the air is about 2 X 10~ 4 electrostatic units, and the 
mean intensity of the vertical atmospheric current amounts to 
2 x 10 16 ampere. 

Data for high altitudes are extremely scanty but Wiegland * and 
Idrae t both report altitude observations in which the electric field 
drops from 100 volts per metre at the earth’s surface to nearly 
zero at 8 km., and then in the region between 8 and 12 km. rises 
in such a way as to indicate an excess of negative ions, followed by 
an excess of positive ions between 12 and 19 km., where the electric 
field has again decreased to zero. 

The more important agencies which may conceivably produce 
ionisation in the upper atmosphere of the earth are the ultra¬ 
violet light, a and ft particles, all of solar origin, the penetrating 
radiation of cosmic origin and the ionising radiations from terrestrial 
sources. The last mentioned may perhaps be ruled out immedi¬ 
ately, because of the fact that the ionisation in the lower atmo¬ 
spheric strata increases rapidly with altitude for the first few 
kilometres. The penetrating radiation produces but few ions, 
about 1-4 per c.c. per sec. at the surface of the earth, and its 
ionisation effect at high levels may be expected to be very small. 
Hypotheses of a and (3 particles from the sun must be regarded as 
tentative in the extreme, and it may be stated that no phenomena 
have yet been discovered which point unmistakably to the 
existence of such particles. There remains the ultra-violet light 
from the sun as deserving first consideration. This produces 
electron and ion densities in the high atmosphere, in agreement 
with those inferred from the propagation of wireless waves. 
Further, because the question of the ionisation of the high atmo¬ 
sphere is merely a part of the larger subject—the entire physics 
of the atmosphere—the ultra-violet light theory enters into the 
explanation of the aurora, the light of the night sky and the 
production of ozone. The possible effects of the various ionising 

* Ann. d. JPhys ., 66, 261 (1921). 

t Comptes Rendus , 182, 1634 (1926). 
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agencies have been considered by Swann,* * * § Chapman and Milne,t 
Chapman, f Elias,§ Lassen,|| Benndorf,f[ and others. 

The facts of terrestrial magnetism and their physical interpreta¬ 
tion furnish clues to the ionisation below 190 km. Gunn** showed 
that long free-paths ions in a magnetic field were diamagnetic, and 
from this he evolved a theory of the quiet day solar diurnal 
variations in the earth’s magnetic field. He accounted for the 
prominent features of the solar diurnal variation on the assumption 
that the diamagnetism of the atmosphere, due to the ions, was a 
maximum directly underneath the sun and fell off approximately 
with the cosine of the angular distance from high noon, becoming, 
at night, about 1/lOtli, or less, of its noon maximum value. 
At the noon maximum the theory required, in a column of the 
atmosphere, 1 sq. cm. section, 5 X 10 16 ions at a temperature of 
300° K., or, since the diamagnetism of an ion depends on its 
kinetic energy, and hence on the temperature, 3 X 10 16 ions 
at 500° IC., or 1-5 X 10 16 at 1,000° K. Below 150 km. the free 
paths are so short that the ions do not contribute to the diamag¬ 
netism. Therefore, the ions were taken to be mainly in the 
levels from 150 to 180 km., although the exact height to which 
they extended was not very important as long as it was not too 
great, say, below 200 km. Maris f f had previously shown that 
the noon-day temperatures in the atmosphere, above 100 km., 
were probably 300° K., or greater, and Maris and Hulburt Jf 
found that the temperatures might be as high as 1,000° K. 
Maris’s tables of the molecular densities in the upper atmosphere 
indicated that the 150 km. levels of the atmosphere, because of 
the expansion of the lower levels of the atmosphere due to the 
heat of the sun, moved upward about 20 km. in the morning, 
descending again in the afternoon. 

* Terr. Mag. and Atmos. Elect., 21, 1 (1916). 

t Roy. Met. Quart. Journ., 46, 357 (1920). 

x Ibid., 52, 225 (1926). 

§ Zeits.f. Ilochfreq. Technik., 26, 66 (1926). 

(| Ibid., 28, 109, 139 (1926). 

-[f Rhys. Zeits ., 27, 687 (1926). 

** Phys. Rev., 32,133 (1928). 
ft Ibid., 32, 133 (1928). 

Jt Ibid., 33, 412 (1929). 
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Hulburt,* from the laws of recombination of the ions and of 
diffusion and drift of the ions in the earth’s magnetic, gravita¬ 
tional and electric fields, calculated the distribution of the ions 
over the earth. His results agree with Gunn’s theory. The 
gravitational drift currents due to the ions are found to flow 
mainly along the parallels of latitude in the following way : (1) a 
current sheet in the daylight hemisphere flowing eastward in the 
levels above 150 km. which, at sunrise and sunset longitudes, 
divides into two sheets ; one of these flows westward on the day side 
of the earth underneath the first current sheet in the levels below 
150 km., and the other continues eastward around on the night side 
of the earth. The current is mainly, i.e. s 4/5ths, between the 40th 
parallels of latitude north and south, and falls to lower values at the 
higher latitudes. The total currents in the three sheets are about 
1*16 x 10 7 , 8-7 X 10 6 and 2*9 X 10 6 amperes, respectively. The 
east and w T est daytime current sheets subtract from each other 
leaving, in effect, an eastward current of about 2-9 X 10 6 amperes 
flowing round the earth all the time. This causes a magnetic 
field, agreeing in magnitude and type with that obtained by 
Bauer | in his 1922 analysis of the magnetic field of the earth of. 
external origin. The current sheets are not of the type required 
by Chapman’s drift current theory ± of the diurnal magnetic 
variation. As a result of the drift currents, the sunset longitude of 
the earth is at a potential approximately 2,000 volts above that of 
the sunrise longitude. This electric field, combined with the earth’s 
magnetic field, causes the ions and electrons on the night side of 
the earth to drift upward with velocities between 100 and 200 cm. 
per sec. The ions and electrons move into regions of lower 
pressure, and therefore do not recombine as fast as they would at 
higher pressures. The upward drift of the ionisation causes a rise 
of the Kennelly-Heaviside layer which is, partially at least, com¬ 
pensated for by the fall due to the cooling and contraction of the 
atmosphere at night, but is complicated by the diffusion of the 
ions. The night-time rise of the layer, observed in experiments 

* Phys. Rev., 34, 1167 (1929). 

t Terrest. Mag., 28, 1 (1923). 

i Loc.dt 
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with wireless waves, may be a genuine rise, or an apparent one, 
due to the delayed group velocities, or to other causes. 

3. Ozone in the Atmosphere. Closely connected with the 
ionisation in the atmosphere is the presence of ozone, and since 
this gas absorbs ultra-violet light of certain wave-lengths, the 
intensity of this light reaching the earth from the sun depends 
upon the amount of ozone in the atmosphere ; the intensity is 
measured photographically, and consequently the amount of 
ozone through which the light has travelled, can be found. This 
is expressed as the thickness of a layer of pure gas at normal 
temperature and pressure ; it varies about a mean value of 
approximately 8 mm. in Europe.. 

The height of the ozone layer can also be deduced. Dobson * * * § 
puts the average height at about 50 km., which probably represents 
the “ centre of gravity 55 of the layer. 

The ozone is a minimum in the tropics ; it is a maximum in 
Arctic regions after the winter night, and decreases rapidly as the 
sunlight becomes stronger. From this it is concluded f that the 
amount of ozone produced by sunlight is relatively small (perhaps 
about 2 mm.), and there must be some other source of supply. 
The origin may possibly be found in the aurora, or some associated 
phenomenon of unknown nature. The amount of ozone is related 
to magnetic conditions in the sense that high ozone values tend 
to occur at times of magnetic disturbance, a marked auroral 
display being always accompanied by a magnetic storm. Never¬ 
theless, the aurora is situated at a height of 100—500 km., far above 
that found for the ozone layer. 

Fabry $ has calculated that there are 10 19 molecules of ozone 
in a column of the atmosphere 1 square centimetre in cross- 
section. 

4. Thunderclouds. Wilson § has shown that the potential 
gradients below thunderclouds, which generally reach values of the 
order of 10,000 volts per cm., are much more often negative than 

* Nature , 127, 668 (1931). 

*j* See Chalonge and Got 25 , Comptes Rendus , 188, 704 (1929). 

t Proc. Phys. Soc 39, 1 (1926). 

§ Journ. Frank. Inst., 208, 1 (1929). Watt has reviewed the theories of 
thunderstorms, J Roy. Meteorolog . Soc. Journ., 57, 133 (1931). 
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positive. He concludes that a thundercloud is bipolar, the posi¬ 
tive charge tending to be above the negative charge, the pre¬ 
ponderance of the negative potential gradients below thunder¬ 
clouds being due, primarily, to the negative charge on a cloud 
being nearer the ground than the positive charge. The prevailing 
positive charge found on the rain is not the cause but the result 
of the negative potential gradient. The rain intercepts and returns 
to the earth a portion of the charge carried down by the stream 
of positive ions, which are being driven up by the negative 
potential gradient. 

Suppose that small particles in a cloud, which fall only slowly 
relatively to the air, are positively charged, while the larger drops 
which fall with considerable velocity through the air are nega¬ 
tively charged. Such a cloud, originally neutral, will at once 
begin to acquire a positive charge at the top and a negative one 
at the bottom, through the relative vertical motion of the two 
classes of carriers. The two equal and opposite charges, thus 
accumulating at the top and bottom, may be separated by a great 
thickness of neutral cloud. An electric field is developed within 
the cloud which tends to hinder negatively-charged drops from 
falling and positively-charged particles from being carried up by 
the air stream. There comes a stage where a balance is reached, 
and no further increase in the field results, the dissipation of the 
upper and lower charges by ionisation currents increasing as the 
charge increases. On the other hand, the field may reach the 
sparking limit before such a balance can be attained, and then we 
have the lightning flash. The dissipation from the upper and 
lower charges will not generally be equal, and in this way the 
cloud may acquire a net charge, positive, or negative. 

Now the average magnitude of the electric moments destroyed 
by the discharges within the thundercloud is about 10 16 electro¬ 
static units-eubic millimetres, or 30 coulombs-kilometres. The 
intensity of the electric field required to produce a discharge, in 
the presence of drops of the size to be expected in thunderclouds, 
is 10,000 volts per cm., or 33 electrostatic units. 

Suppose that the effective portion of the cloud has horizontal 
upper and lower limits. The electric moment, M a is equal to the 
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product of the charge per unit area, the area, and the vertical 

F 

thickness of the cloud, i.e ., — times the volume, where F is the 

magnitude of the field required to cause discharge. The volume 
required for the production of an electric moment of 10 16 electro¬ 
static units is found, in this way, to be 4 cubic km. The electrical 
energy stored in the cloud, and dissipated at each lightning flash, 
is -J MF . If we put M = 10 16 , and the maximum field = 33 
electrostatic units, the energy of the lightning discharge =1-6 X 
10 17 ergs, or 1*6 X 10 10 joules. The value found for the maximum 
potential difference in clouds depends on the vertical thickness, i.e., 
the distance through which the maximum field F extends. If we 
take this height as 1 km., and a field of 10,000 volts per cm. 
extends through this distance, the whole potential difference is 
10 9 volts, i.e., 1 million kilovolts. 

There is now strong evidence that both by continuous discharge 
and by lightning flashes an upward electric current is maintained 
both by shower and thunder clouds, and that this exceeds the 
oppositely directed current brought down by rain. Wilson holds 
that shower and thunderclouds are the main agents in the mainten¬ 
ance of the negative charge on the earth in fine weather, and that 
they act as electric generators which remove positive electricity 
from the earth and supply it to the conducting upper atmosphere, 
by which it is distributed over the whole earth. The upper 
atmosphere is thus maintained at a potential of one million volts. 
If we take the estimate, 1*7 X 10 10 joules, for the energy of a 
lightning flash, and assume that there are 100 flashes per second 
(an estimate) the total rate of dissipation of energy is 1-7 x 10 12 
watts, i.e., more than 1,000 million kilowatts per second. 

An important factor in the electric power of thunderclouds is 
the electromotive force, since this is greater than that we are 
likely to attain by artificial means. Wilson obtained the value 
10 9 volts. The main interest in having available sources of 
energy reaching the magnitudes attained in thunderclouds would 
consist in the possibility of giving to the electrons, or the atomic 
nuclei, energies enormously exceeding those associated with a and 

particles from radioactive substances. 
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The process of imparting energy to electrons must always go on 
naturally in thunderclouds on a scale we cannot hope to imitate 
in the laboratory. For in the intense field of the thundercloud 
the electron which has already kinetic energy corresponding to a 
comparatively few kilovolts, and is moving anywhere nearly in the 
direction along which the field would carry it, will lose, by colli¬ 
sions, much less energy than it receives from the field. In conse¬ 
quence, it will continually increase in energy, while the chance of 
its being stopped by accidents of any kind becomes less and less 
as its energy increases. It is not impossible that in this way an 
electron may acquire energy corresponding to nearly the whole 
electromotive force of the thundercloud. Thus energies approach¬ 
ing, or even exceeding, that emitted as radiation on the destruction 
of a proton (10 9 volts) might be attained. Such ultra /3-particles 
would have ranges comparable with the whole thickness of the 
atmosphere. 

There is thus a possibility that ultra /3 particles from the region 
of maximum negative potential in the thundercloud may some¬ 
times reach the upper atmosphere with a large part of their 
energy unexpended. Any such electrons will describe helical 
paths of large radius around the magnetic lines of force, and finally 
enter the lower atmosphere at widely separated parts of the earth. 
It is evident that these ultra /1-particles would not be intercepted 
by mountains surrounding the place of observation. Millikan’s 
experiments, made under these conditions, do not then rule out 
the possibility that thunderclouds may contribute to the pene¬ 
trating ionising radiations which are generally regarded as being 
entirely of cosmical origin. 

Hulburt * has examined this suggestion of Wilson, using the 
same equations which Epstein f employed in his work on high¬ 
speed electrons. He concludes that Wilson’s hypothesis would 
lead to a penetrating radiation which is most intense at low lati¬ 
tudes, becoming feeble near the poles. This disagrees with 
Millikan’s observations of the constancy of the cosmic radiation 
with latitude. 

* Rhys. Rev., 37, 1 (1931). 

f JProc. Nat. Acad. Sri., 16, 658 (1930). 
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5. Lightning. Simpson * has investigated the phenomena of 
lightning, and has introduced some new ideas, which probably 
will have to be modified. For example, he says that the resistivity 
of the lower atmosphere in clear weather is approximately 4*5 x 
10 15 ohms. The values found for ebonite and sulphur are much 
greater than this, and good paraffin has a volume resistivity 
greater than 5 X 10 18 . Simpson also considers that during a 
thunderstorm we have non-conducting clouds floating within a 
conducting atmosphere, thus completely reversing our ordinary 
ideas. It is difficult to believe that a cloud is a perfect non¬ 
conductor. 

Simpson found that when a drop of water is broken up in 
the air without striking anything, a separation of positive and 
negative electricities takes place. The limiting velocity of a large 
raindrop falling vertically is about 8 metres per second. A drop 
larger than about 0-5 cm. in diameter is unstable ; it becomes 
flattened out and quickly breaks up into a number of small drops. 
When it breaks up it receives a positive charge. Now it is known 
that some of the air inside a thundercloud is moving with a 
vertical velocity, greater than 8 metres per second. The resulting 
negative charge is given to the air, and is absorbed by the cloud 
particles which are being carried upwards. We should expect, 
therefore, that the rain which falls where the air currents are 
vertical would be positively charged, and that at a distance from 
this region it would be negatively charged. This is in accordance 
with observation. There will be occasional discharges from the 
earth to the negatively charged cloud, but the most frequent 
discharges will be downwards towards the ground, some of them 
apparently ending in the air. 

6. The Conduction of Electricity through Solutions. Molecules 
of acids, salts and bases, dissolved in solvents, are spontaneously 
ionised, the fraction of the dissolved molecules which are ionised 
being a function of the concentration of the solution. The 
un-ionised molecules do not contribute to the current through 
the solution, and other things being equal, a solution will have a 
smaller resistance, the greater the fraction of ionised molecules 

* Nature, 124, 801 (1929). 
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present in the solution. The specific conductivity per gram- 
equivalent per cubic centimetre, or, as it is termed, the equivalent 
conductivity , A , is given by * : 


= = a ( U K U a) F ( 1 ) 

where a is the specific conductivity of the solution, N, the number 
of gram-molecules of solute per cubic centimetre of solution, V) the 
valency of each ion into which each molecule is capable of ionising, 
F, the electrical charge associated with each gram-equivalent ion, 
known as the faraday and equal to 96,491 coulombs, a, the 
fraction of the molecules ionised, and u A and u K , the steady 
velocities in centimetres per second of the anion and kation, 
respectively, developed under unit potential gradient, 1 volt per cm. 

While in general the specific conductivity decreases as the 
solution is diluted, the equivalent conductivity increases, tending 
towards a final limit, A 0 , at infinitely great dilution. Hence, 
dA/dN is negative, and formerly this fact was attributed almost 
entirely to da/dN being negative, i.e ., the degree of ionisation 
increases as the solution becomes more and more dilute, approach¬ 
ing the value unity as N tends to zero, but actually only reaching 
this value when N is equal to zero. Debye and Huckel,'f however, 
introduced a new theory which postulates that the molecules of a 
solute are completely ionised in dilute solutions even before 
infinite dilution is reached, the maximum concentration at which 
ionisation is complete depending upon the character of the solvent 
and solute. In badly-conducting solutions, i.e., solutions of the 
so-called weak electrolytes, complete ionisation is never reached, 
while electrolytes of comparatively high conductivity, the so-called 
strong electrolytes, such as the uni-univalent salts, may be 
considered to be completely ionised even at concentrations greater 
than 10"~ 4 normal. 

7. Solvation of the Ions. Since electric forces polarise molecules, 
it is evident that the ions will poiarise the molecules of a solvent 
in which they are situated, and any particular ion will be sur- 

* See Newman, 41 Electrolytic Conduction,” p. 36 (1930). 
t Vhys. Zeits., 24, 185, 305 (1923). 
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rounded by oriented, polarised, solvent molecules held, more or less 
firmly to an extent which depends upon their distance from the 
ion. Hence, when the latter moves, under the influence of an 
external electric field, we should expect the ion to carry with it a 
sphere, or sheath, of the solvent. This effect is known as solvation 
of the ions. In the case of an anion in an aqueous solution the 
water molecules will be oriented with the hydrogen inw'ards, 
while those around the kation will be oriented with the oxygen 
inwards. The oriented molecules are strongly attracted to the 
central ion, and will tend to squeeze out any non-polar molecules 
from its immediate neighbourhood. This effect is known as the 
salting-out process. 

Now Stokes has shown that the retarding force acting on a 
sphere of radius b, when it moves through a fluid, is 6 t rb'qu where rj 
is the coefficient of viscosity of the fluid and u , the velocity of the 
sphere. Owing to solvation of the ions, it is evident that the 
radius b of an ion, as determined with the aid of Stokes’s law, is 
greater than the radius b Q of the ion proper, and the space occupied 
by the solvation envelope may be obtained by deducting the mole¬ 
cular volume of the ionic body proper from the ionic volume, as 
calculated by means of Stokes’s law. If this result is divided by 
the molecular volume of a solvent molecule, the actual number of 
solvent molecules within the envelope is determined. It should 
be noted, however, that owing to the strong ionic forces existing 
within the solution, the packing of the molecules in the envelope 
will be much denser than in the free solvent. IJlich * has 
calculated some solvation numbers in this manner. His results 
are shown in Table XIL, o. 342. 

The solvation of the kations appears to be fairly constant for 
all solvents, whilst that of the anions is decidedly smaller in 
acetone, furfural and pyridine, than in the alcohols. The iodide 
ion seems to have a very small, if any, fixed solvation envelope in 
these solvents. 

If we consider a simple case of conductivity, where the ions are 
deposited upon the electrodes during the passage of an electric 
current, u K j{u K + u A ) will be the fraction of the electric charge 
* Trans. Farad. Soc 23, 392 (1927). 



342 


ELECTRICITY 


Table XII. Solvation Numbers. 


Solvent. 

Solvation Number. 

Li+. 

Na + . 

K + . 

Cl~. 

Br~. 

! . 

Water 

6—7 

2-4 


_ 

_ 


Methyl alcohol 

7 

5-6 

4 

4 

2-4 

0-3 

Ethyl alcohol 

6 

4*—5 

3-4 

4-5 

4 

2-3 

Acetone 

4 

4—5 

4 

2 

1 

0-1 

Acetonitrile 

— 

5 

3-4 

— 

1-3 

0-2 

Furfural 

— 

5 

4 

— 

— 

0-1 

Pyridine 

— 

4 

2-3 

— 


0-1 


carried by the kations, and u A /(u K + u A ) that conveyed by the 
anions. These ratios, which Hittorf termed transference numbers 
of the kation and anion, respectively, are denoted by the 
symbols n K and n A . Their values may be determined experi¬ 
mentally by various methods. Now, owing to solvation of the 
ions, it is evident that there will be a transport of solvent from 
one part of the solution to another, as the ions travel through the 
solvent. If N/ 1 represent the number of gram-molecules of 
solvent associated with each gram-anion and gram-kation, 
respectively, and n^, n £ , the transference numbers in the absence 
of solvation, then the net electrolytic transference of the 
solvent per faraday is given by : 

N* = n*N* - n^N/.(2) 

Various investigators * have shown that organic ions in water, 
at any rate the larger ions, do not carry water envelopes, so that 
it should be possible to determine the absolute value of the water 
carried by an inorganic ion in cases where the other ion is organic, 
since one of the terms of the right-hand side of equation (2) vanishes. 
Thus Remy and Reisener -j- found that if the electrolyte contained 
an organic kation, the direction of water transport was, in normal 
solutions, in the opposite direction to that of the electric current. 
In other words, the organic ion carried little, if any, water. These 

* Hevesy, Jahrl. f. Radioakt und Elektromek 11, 419 (1914) ; 13, 271 

(1916). Lorenz, Zeits. anorg. Chem., 94, 240 (1916). 

t Zeits. phys. Chem., 126, 161 (1927). 
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experimenters measured the water transport of aniline., hydro¬ 
chloride, and the value obtained represents the water carried by 
thTchloride ion. Knowing the true transference numbers of this 
salt, they calculated N/, the number of water molecules in the 
envelope surrounding the chloride ion, to be three. Prom this 
value they then determined the degree of solvation of other 
inorganic ions. Measurements were made, using chlorides, 
bromides and iodides, the hydration numbers of the chloride, 
bromide and iodide ions being 3, 2*1 and 3-7, respectively. From 
the results, shown below, it will be seen that there is fair agreement 
between the values as determined from the three solutions. The 
numbers quoted refer to the number of water molecules carried by 
each ion in normal solutions : 


Ion. 

Number of Water Molecules carried with each Ion in Solution. 

Chlorides. 

Bromides. 

Iodides. 

H+ 


0-9 

1*1 


Li+ 


12-6 

— 

— 

Na+ 


7-4 

8*8 

— 

K+ 


4-1 

4-0 

— 

Cs+ 


3-8 

— 

— 

nh 4 + . 


4*4 

— 

— 

NH 3 OH+ 


2-8 

— 

— 

Mg++ 


14-1 

11-9 

11*7 

Ca+ + 


12-1 

8-1 

8*7 

Sr+ + 


7.7 

- 7 . 7 

9*5 

Ba++ . 


4-5 

3-1 

(7*8) 


It will be noted that if the alkali metal kations are arranged in 
order of diminishing hydration, the caesium atom occupies the 
lowest position. 

8. Dimensions of Ions. Assuming that at infinite dilution the 
motion of an ion through a solvent obeys Stokes’s law, the radius, 
b 9 of an ion can be calculated from the equation : 

Force 
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where the force refers to that acting upon unit charge—1*59 x 
10 ~~ 2 ° electromagnetic units—due to unit potential gradient, 1 
volt per cm. = 10 8 electromagnetic units, 77 is the coefficient of 
viscosity of the solvent, and u , the velocity in cms. per second, 
developed under this potential gradient. If instead of u we use 
the mobility U , where U = uF , F being the faraday, then 

8*15 X 10 ” 9 

b — - 77 - cm. (3) 

7]U 

It is important to note that the radius calculated is that of the 
ion and its associated solvent molecules, i.e., those molecules 
which behave as if rigidly attached to the ion, and which move 
with it. Hartley and Raikes * have determined the radii of ions, 
both in water and in methyl alcohol, from their mobilities at 25° C., 
by means of equation (3). Their results, together with the effec¬ 
tive ionic radii in the crystal lattice, are given in Table XIII. 

Table XIII. Ionic Radius (Angstrom Units). 


Ion. 

In 

Water. 

In Methyl 
Alcohol. 

Crystal 

Lattice. 

Ion. 

In 

Water. 

In Methyl 
Alcohol. 

Crystal 

Lattice. 

Li + . 

2*30 

3*78 

0*72 

£Sr ++ 


3*04 

5*06 

1*20 

Na + . 

1*79 

3*27 

1-01 

£Ba ++ 


2*83 

4*93 

1-40 

K + . 

1*22 

2*78 

1*30 

iZn++ 


3*36 

5*02 

0*60 

Rb + 

1*17 

2*60 

1*50 ‘ 

ICd++ 


3-38 

5*21 

0*98 

Cs + . 

1*17 

2*40 

1*75 

F“ . 


1*67 

3-72 

1*33 

A g+ . 

1*44 

2*86 

1*03 

ci- . 


1*21 

2*91 

1*72 


1*44 

5-19 

0*75 

Br“. 


1*18 

2*69 

1*92 

4Ca ++ 

3*05 

4-98 

1-02 

I~ . 


1*20 

2-45 

2*19 


The ions of the alkali metals and of the halogens, which have the 
largest radii in the crystal lattice, also have the highest mobilities, 
while all the ions of the divalent metals possess, approximately, 
the same mobilities, in spite of a considerable increase in size with 
atomic number. This is usually explained by assuming that the 
ions are solvated, and that the degree of solvation of the small ions 

* Trans . Farad. Soc. 9 23, 393 (1927). 
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is greater on account of the more intense electric field around them, 
their mobilities being correspondingly reduced. 

As pointed out by Hartley and Raikes, the radii of all ions in 
methyl alcohol are greater than in water, the increase in apparent 
size being due, presumably, either to the larger solvent molecules, 
or to the greater number attached to the ion, the increase being 
more marked for the univalent than for the divalent ions. The 
influence of the ionic charge on the degree of solvation is shown by 
the fact that, in both solvents, all the divalent ions have the 
largest radii, although the radii in the crystal lattice vary. The 
silver ion, which is smaller than the rubidium and caesium ions in 
the lattice, has a lower mobility in both solvents, while the thallium 
ion, which is larger than the silver ion in the lattice, moves more 
quickly than the latter, having, approximately, the same mobility 
as that of the rubidium and caesium ions. 

9. Theories of Electrolytic Conduction. There are two aspects 
to the problem of electrolytic conduction, namely, the well-defined 
equilibria which exist in solutions, and the mechanism whereby 
the conduction process is effected. As regards the equilibria, we 
apply the principles governing them, and support them by various 
assumptions, which involve an equation of state of the system. 
On the other hand, a theory of the conduction process demands a 
precise knowledge of the forces that occur between the charged 
particles and their surroundings. If we assume a force function, 
statistical methods can be employed in any investigation, and 
these statistical methods are now being developed and applied to 
electrolytic systems. 

Many theories have been proposed to represent the actual 
nature of electrolytic solutions, some of which do account for the 
properties of one type of electrolyte, such as a weak one, but fail 
when applied to strong electrolytes. Tor example, Ostwald’s 
dilution law is satisfactory when applied to weak organic acids, 
but strong acids and bases and their salts give results which are 
widely divergent from the theory. 

Milner * assumed complete ionisation of electrolytes in dilute 
aqueous solutions, and taking into account the interionic forces, 
* Phil. Mag., 23, 551 (1912) ; 25, 742 (1913). 
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obtained an expression for the depression of the freezing point 
temperature, which agreed well with experimental results. The 
theory was also developed so as to apply to the electrical con¬ 
ductivity of electrolytic solutions. 

Debye and Huckel * deduced a relationship between the 
equivalent conductivity and the concentration, which is based on 
two general principles, one the so-called Boltzmann"s principle 
from the kinetic theory of gases, and the other, known as Poisson's 
equation , is derived from the law of electrostatics, and, involves 
Coulomb’s law. They applied these principles, in the first place, 
to determine the distribution of the ions of opposite charges 
around any selected ion, and to evaluate the potential that prevails 
around the ion in consequence of its own charge and of the 
unequal distribution which it produces in the surrounding ions. 

Consider an ion having an electrical charge equal to e. This ion 
produces in any shell of volume Sv, located between distances r and 
r 4- Sr, a potential, ip, and a density of electric charge p. Now, 
if a large number of molecules possess an average kinetic energy, 
f kT t and are distributed throughout a region in which exist, at 
different points, different fields of force, there will be, accordingly, 
different potentials, and any kind of molecule, in a volume Sv, will 
acquire a definite potential energy, E. The number of molecules 
in this volume which possess energy E, will equal the number of 
molecules per unit volume, at a place where E is zero, multiplied 
by the factor <r~ EllcT and the volume Sv, where e is the base, of 
Naperian logarithms. This result is known as Boltzmann’s 
principle, and k is Boltzmann’s constant. 

Consider an ion migrating in a solution, and imagine a line of 
fixed length connected with the ion in such a way that during the 
migration of the ion, the direction of this line in space is maintained 
constant. At the end of the line we imagine an elementary 
volume. If we consider the ion and its elementary volume for a 
certain time, we find that sometimes an excess of positive, and 
sometimes an excess of negative, electrical charge is contained 
within the elementary volume, due to the various ions within the 
solution. Taking the time integral of this charge, and dividing by 
* Phys. Zeits.y 24, 185 (1923). 
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the whole time of observation,, we obtain, the mean charge within 
the element. The density of the electricity within the space 
surrounding an ion—this space is known as the ionic atmosphere —is 
thus the mean charge divided by the volume, and it is obvious 
that, so far as the Coulomb forces alone are considered, the 
electrical density within the ionic atmosphere will be of opposite 
sign, to the charge on, the ion. Thus, the ionic atmosphere sur¬ 
rounding any selected positive ion will contain an excess of 
negative electricity. This will cause an average electrical potential 
ip, and an average electrical density p, to exist at any distance 
'from the selected ion. If we apply Boltzmann’s distribution 
principle, we have : 

p = ne ( € -*W** — € eifj;kT ), .(4) 


where e is the charge on a positive ion, T, the absolute temperature, 
and n, the number of positive ions per c.c. of solution. 

Assuming Poisson’s equation, 


= — 


4>7T p 


(5) 


where K is the dielectric constant of the medium in which the ions 
are situated, we have from equations (4) and (5), 

vV = - - €‘+> kT ), 


87 re?i ep 

or, vV = -j£~ sbm -^ 7 . 

The average potential in the space around the selected ion 
depends only upon the distance from the Jon, and for small values 
ofthe potential, 0 , we may write 

eip eip 
smh = hT' 

8rre 2 nip 

and thus, V 2 ^ = KkT * 
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Transforming to polar co-ordm 0 *^® 


d 2 ip 2 dip 
dr 2 r ’ dr 


— K 2 lp 


where 


Srre 2 n 

= KkT 9 


. . ( 6 ) 


— having the dimension of a length, and being known as the 

K 

thickness of the ionic atmosphere. It is a characteristic factor in 
the theory of Debye and Hiickel. 

Integrating equation (6) w'e obtain. 




Ae~ Kr 


where if is a constant, so that if r is small, i.e. 9 if we consider 
points not far removed from the ion, 

A 

ib = — — Ak 9 
r 

and this expression represents the total potential at a point 
distant r from an ion. But this potential is made up of two parts, 
namely, that due to the ion, if there were no surrounding ions, 
and that arising from the ionic atmosphere, i.e., from the unequal 
distribution of the positive and negative ions in the surroundings. 
At infinite dilution, the potential at a point will be that due to the 
ion alone, ejKr , so that A = e/K , and thus the potential at points 
very close to the ion, arising from the existence of the ionic 
atmosphere, is given by : 

ip — — Ak — — ck/K. 

In other words, the potential of the ion itself, resulting from the 
ionic atmosphere is — ck/K. 

If the electrolyte is not a simple one, then, 

4tt . 

* 2 = KkT * * 

n t being the number of the ions of the ith sort. 


( 7 ) 
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Debye and Hiickel assumed that strong electrolytes in dilute 
solutions are completely ionised, and they attributed the variations 
of the conductivity with concentration to changes in the ionic 
mobilities, and not to any change in the fraction of the number of 
molecules ionised. The velocity of an ion, as it moves through a 
liquid, depends upon the accelerating forces produced by electrical 
forces and the frictional, or retarding, forces which always act upon 
a body moving through a viscous medium. 

An ion at rest possesses a symmetrical ionic atmosphere, but the 
symmetry will be destroyed as soon as the ion moves. Thus, 
when an external electric field is applied to an electrolytic solution, 
an ion moves, say, to the right, and during its motion it will have 
to build up, as it were, an electrical charge density to the right, 
but to the left of the ion the electrical charge density is too large, 
and will have to decrease. If the ionic atmosphere were created, 
or changed in value, instantaneously, the central symmetry would 
exist, even during the ionic motion, but this is not the case. Since 
the charge density in the ionic atmosphere is always opposite in 
sign to that of the charge on the ion, it follows that the ion will be 
subjected to an electric force, due to this lack of symmetry, and 
the direction of this force will be opposed to that exerted by the 
external electric force. Debye and Hiickel showed that the value 
of this opposing electric force is equal to : 

QKkT 

where £ = .(8) 

X n i e i 

n { is the number of ions of the ith. kind per c.c., e i the charge on 
the ion of this kind, its velocity, and a friction coefficient, 
such that when multiplied by the mean velocity of the ion, the 
result is equal to the frictional force, due to the viscosity of the 
medium, which the ion has to overcome during its steady motion. 
Thus we have two electric forces acting in opposite directions 
upon any one ion. 
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For steady ionic motion, these two forces are in equilibrium with 
any opposing frictional forces which may act upon the ion, as it 
moves through the liquid. For infinitely dilute solutions, there 
will be only one such retarding force, namely, that which is always 
exerted upon a body when it moves through a medium possessing 
viscosity. The value of this force is, by Stokes’s law, 

6t TbtfUi or 

where b i is the radius of the ion, and rj , the coefficient of viscosity 
of the liquid. But if the solution is not infinitely dilute, the 
charge on the ionic atmosphere will also be acted upon by the 
external electric force, and, accordingly, since the sign of this 
charge is opposite to that upon the ion, there will be created an 
additional relative motion between the ion and its atmosphere, 
and thus an extra force, tending to oppose the motion of the ion 
through the fluid. This will have the effect of increasing the 
apparent frictional force by an amount, 

e^Xb^, 

where X is the external electric force. Thus, the total retarding 
viscous force, opposing the motion of the ion through the liquid is 
equal to : 

+ e^Xhiic. 

For steady ionic motion through the solvent, the sum of the 
accelerating electrical forces, acting upon an ion, must be equal to 
the total frictional or retarding forces, and thus. 


eJC 


GKkT 


= 


or. 


eg 

U ' 


b,K 


1 + -=- * 


Ci $KkT 


eg 


1 — b,K 


Sf ' 6 KkT. 


^ J, approximately 


(9) 
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At infinite dilution k — 0, and. 


K) 0 


e^K 

= IT 


Since the equivalent conductivity, A, is proportional to the ionic 
velocity, we see that the change in A, produced by changes in the 
concentration, is proportional to k. But ac, the reciprocal of the 
radius of the ionic atmosphere, is proportional to the square root 
of the concentration, equation (7), and therefore this theory of 
interionic attraction leads to Kohlrausch’s formula for the relation 
between equivalent conductivity and concentration. 

Now the specific conductivity, a, of an electrolytic solution is 
equal to : 


and so from equation (9), 



[2 


n. i e i s b i 

~cT 




GKkT 



AC. 


At infinite dilution, 



Thus, using the values of £ and /c, as given in equations (8) and (7), 
respectively, we have : 



2 


«<«<*&< 

it 



2 n * e i a 


V——o—- 

^6KkTC£ 

5T7 -> 


Suppose that every molecule of solute, when in solution, ionises 
into sq, z 2 , etc., ions of valencies v x , etc.) then. 




GKkT 


>]■ 


( 10 ) 
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where ± e 0 is the charge on a univalent ion, n, the number of 
molecules of solute per c.c., and 

2 e te-. 


70 1 


W 2 


S 2 1 V 1 2 ^3. 




and 


b 


^ Si 



For example, in the case of a uni-univalent electrolyte, such as 
potassium chloride, z x — z 2 — 1 and v x = v 2 = 1, so that, 


1 1 

_ Si + S 2 1 ? + S? _ Si 2 + S 2 2 
101 2 ’ll 2’ 

TT + IT 

^2 — a/ i = i, 


and 


b i h 

. Si S 2 6 iS 2 + 6 2 Si 

j_ i Si + s a ‘ 

Si ^ So 


Now the equivalent conductivity, A, is given by A = 1,000 a/C 9 
where C is the concentration in gram-molecules per litre, and 
n — NC/1 ,000, N being the number of molecules per gram- 
molecule. Hence for aqueous solutions of uni-univalent electro¬ 
lytes at 18° C., we have, on substituting the values of the various 
constants in equation (10), 
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and we thus obtain the relation between the equivalent con¬ 
ductivity and the concentration of an electrolyte, as found 
empirically by Kohlrausch. 

Debye and Huckel have made a comprehensive survey of 
conductivity data for dilute aqueous solutions, and have shown 
that they are in fair agreement with their theory. Similar 
comparisons for non-aqueous solvents are more difficult, as the 
experimental data are far less homogeneous and complete, but 
Hartley and Frazer * * * § have shown that the relationship between 
equivalent conductivity and concentration does hold for many 
uni-univalent salts in methyl alcohol up to 0-002 normal. Hartley f 
has measured the conductivity of KI in different solvents. For 
water and for methyl alcohol, the calculated slope of the A/A 0 
curve is greater than the observed slope, but for ethyl alcohol and 
acetone the agreement is very close. Other salts give better 
agreement in some solvents than in others. Many other investi¬ 
gators have verified experimentally the conductivity values as 
calculated by means of Debye and Huckel’s theory. $ 

There is a considerable mass of experimental evidence, however, 
which indicates that the theory must be modified in many cases. 
Even in dilute salt solutions, specific chemical interaction between 
the ions may be of importance, as well as the normal electrical 
attraction which exists between them. Bjerrum§ has concluded 
that in certain electrolytes a proportion of the ions will form pairs, 
which will act osmotically as single molecules if one or both of the 
ions has a radius smaller than a critical value. Maclnnes and 
Cowperthwaite’s computations || favour Bjerrum’s conclusions, 
although the latter call for larger degrees of association than those 
found by the former experimenters. McBain and Rysselberge’s 
resultsfor complex ions indicate that the real value of a, the 
degree of ionisation, must be less than unity. Other evidence 
against complete ionisation in all dilute electrolytes has been 

* JProc. Roy . SocA , 109, 351 (1925). 

t Nature , 119, 322 (1927). 

% See Trans. Farad. Soc., 23, 333 (1927). 

§ Kgl. Danske Viden. Sels., 7, 9, 2 (1926). 

II Trans. Farad. Soc., 23, 400 (1927). 

Journ. Amer. Chem. Soc., 50, 3009 (1928) ; 52, 2336 (1930). 
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brought forward by Nernst * Fajans,f Jacobs and King,J and 
others. 

Rabinowitsch,§ criticising the theory of complete ionisation, 
suggests that the mechanism of conduction in solutions is of two 
kinds : transference of charge by means of ionic migration 
through the solution (predominating in dilute solutions) and 
change in position of the ions in the interior of a complex molecular 
aggregate, analogous to ionic conductivity in crystals, this 
occurring mainly in concentrated solutions. 

Onsager || has modified Debye and Huckel’s theory, taking into 
account the Brownian motion of the ions which has an effect on 
the dissymmetry of the ionic atmosphere. 

10. The Dielectric Constant of Electrolytic Solutions. The 
dielectric constant of an electrolytic solution plays an important 
part in modern electrolytic theories. Walden ^ has shown that 
the value of this constant for a solution is less than that for the 
pure solvent. Now at molecular distances from the ions, we have 
to deal with very large electrical fields of the order of 10 6 volts per 
centimetre, and thus the ions set up electrical saturation in the 
neighbouring molecules of a solvent, such as water. If, further¬ 
more, we consider only very dilute solutions, it will not be necessary 
to take into account the mutual interaction between the ions. 
Within the neighbourhood of the ions, then, the solvent molecules 
will assume positions with their moments parallel to the radial field. 

When a small measuring field is applied between two parallel 
planes in the electrolytic solution, since the field due to the ions 
will have oriented the neighbouring solvent molecules, the small 
measuring field cannot orient them as much as it does in the pure 
solvent, and thus we may look upon the saturation effect, produced 
by the ions, as the equivalent of making holes, as it were, in the 
solvent around each ion, the radii of the holes depending upon the 
distance to which the saturation effect exterxds. 

* Zeits. Blektroc ., 33, 428 (1927). 

f Trans. Farad. Soc., 23, 357 (1927). 

t Joum. Fhys. Chem., 34, 1013 (1930) ; 35, 480 (1931). 

§ Zeits. phys. Chem., 147, 345 (1930). 

\\ Phys. Zeits., 27, 388 (1926) ; 28, 277 (1927). 
f Zeits. phys. Chem., 110, 44 (1924) ; 116, 261 (1925). 
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From these considerations we should expect the specific 
inductive capacity of a salt solution to be less than that of the 
pure solvent. This expectation is realised in practice. Thus Sack * 
has shown that for very dilute solutions, the dielectric constant 
decreases linearly as the concentration is increased. He used 
solutions of salts of various types, including potassium chloride, 
barium chloride, and copper sulphate. The ions formed from 
these salts carry different charges, and this fact was found to affect 
the dielectric behaviour of the electrolyte. His results show that : 
K = K 0 (1 — bC), 

where K is the specific inductive capacity of the solution, K 0 , that 
of the pure solvent, C, the concentration, and b, a constant which is 
characteristic of the kind of ions. 

Now Sack recognised that if the effect is a saturation one, the 
value of b should depend only upon the charge on the ions, and 
not upon other physical characteristics, at least to a first approxi¬ 
mation. He found that the value of b could be determined by a 
summation process extended over all the different kinds of ions, 
and that for a single ion, its value should be proportional to A, 
where v is the valency of the ion. He verified this conclusion 
from his experiments on different salts. 

The specific inductive capacity of a large number of solutions 
has been measured by Walden, Ulich and Werner.f In all cases 
they found a lowering of the dielectric constant, proportional to 
the concentration at low concentrations, but there was a minimum 
value beyond which the dielectric constant increased with concen¬ 
tration. Walden and Wcrner,J Hellmann and Zahn,§ Nayder,|| 
Partington and Rule and many others have investigated this 
effect, and the reader is advised to consult the paper by Bluh ** 
for a full description of recent work on dielectric constants. For 
example, Hellmann and Zahn found that electrolytes were 


* Phys. Zeits ., 27, 200 (1920) ; 28, 199 (1927). 
f Zeits. phys. Chem., 116, 261 (1925). 
t Ibid., 124, 405 (1920). 

§ Phys. Zeits., 27, 630 (1926). 

|| Acad . Pol. Sci ., et Lettres Pull., No. 7, (a), 247 (1925). 
t Phil. Mag., 1,1035 (1926). 

** Phys. Zeits., 27, 226 (1926). 
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divisible into two groups : those, such as hydrochloric acid, which 
even at high concentrations show little lowering of the dielectric 
constant, and those, like copper sulphate, which show the effect 
even at very low concentrations. 

The variation of the specific inductive capacity, with changing 
salt concentration, makes the self potential of the ion, which was 
neglected in the original Debye and Huckel theory for the case of 
dilute solutions, appear as a significant factor in the domain of 
concentrated solutions.* 

In solvent media which possess smaller specific inductive 
capacities than that of water, the increased interionic forces will 
cause larger deviations from the ideal laws of solution. We must 
expect the limit of the application of Debye and Huckel’s theory, 
for such solutions, to be at a still lower concentration than for 
aqueous solutions. The tendency of ions to associate, which, of 
course, increases with increasing electrical charge and with 
decreasing ionic size, will be more marked for such solvents. 
Substances which are practically strong electrolytes in water may 
prove to be weak, or incompletely, dissociating substances in non- 
aqueous solvents. 

11. The Wien Effect. In general, the electrical conductivity 
of a solution is independent of the applied potential difference, but 
Wien,’)' using voltages up to 80 kilovolts per cm., found that in 
certain solutions the equivalent conductivity increased with the 
applied electric force. This potential effect, or Wien effect , as it is 
called, increases rapidly with the valency of the ions. At first the 
conductivity increases linearly, approximately, with the field 
strength. With very strong fields, however, it tends to a constant 
value—the limiting value. The initial rise of conductivity is 
greater, the more dilute the solution. In very dilute solutions the 
limiting value is attained with comparatively small field values. 

Wien found that the change in conductivity, SA, produced by 
an electric force, X, could be represented by the formula : 

SA = AX\ 1 - BX% 

* See Huckel, Phys. Zeits 26, 98 (1925). 

t Ann. d. Phys., 83, 327 (1927); 85, 795 (1928). See also Jones and Bollinger, 
Joum . Amer . Chan . Soc. 9 53, 1207 (1981). 
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where A is proportional to the square of the product of the valency 
of the ions, inversely proportional to the square root of the 
concentration, and depends to a certain extent upon the nature 
of the ions. The value of B likewise increases with the product of 
the valencies, and decreases with the concentration. 

Joos and Blumentritt * suggested the formula : 

SA — AX 2 — J5X 4 -f CX Q . . . , 
for very strong fields. 

The probable explanation of the effect is that it arises from a 
mutual slowing up of the ions, arising from the presence of the 
ionic atmosphere. The asymmetrical electrical charge distribu¬ 
tion in the ionic atmosphere gives rise to the electrical force of 
relaxation and when the force acting upon an ion is suddenly 
changed, it takes a finite time interval (time of relaxation) for 
equilibrium to be established. The values of the time of relaxa¬ 
tion for various electrolytes at 10“ 3 normal and at 18° C. are given 
below. In addition, the wave-length, corresponding to electrical 
oscillations of periodic time equal to the times of relaxation, are 
included. 


Electrolyte 

KC1 

HC1 

MgCl 2 

CdS0 4 

LaCl 3 

Time of relaxation xlO 7 sec. 
Corresponding wave-length 

0-553 

0-189 

0-323 

0-314 

0-208 

(metres) 

16-6 

5-67 

9-69 

9-44 

6-24 


When the applied electric fields are very intense, the resulting 
values of the ionic velocities are very high. In some of Wien’s 
experiments they were of the order of 1 metre per second. Under 
these conditions the ions will travel over a distance many times 
greater than the thickness of the ionic atmosphere during the 
time of relaxation. The ionic atmospheres are not built up, and, 
in such very strong fields the force of relaxation is of little, if any, 
consequence. Thus the equivalent conductivity under these 
conditions will approach the value at infinite dilution, and so, at 

JPhys. Zeits ., 28, 836 (1927). 

See Sections 1 and 9. 
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any given concentration, the conductivity increases as the strength 
of the applied electric field is raised. 

Bauer * found that for solutions in acetone the results were 
similar to those for aqueous solutions, but the constant A is 
greater, and B smaller, for acetone solutions. 

12. Conduction Dispersion. The conductivity of an electrolytic 
solution also varies with the frequency of an applied alternating 
electric field. This effect is known as conductivity dispersion , and 
is due to the disappearance of the electrical force of relaxation, 
brought about by the high frequency of the applied electrical force. 

Falkenhagen and Williams f expressed the molecular con¬ 
ductivity, A, as a function of the frequency of the electrical force 
thus : 

A = Aq Aj A 2 , 

where A 0 is the molecular conductivity at infinite dilution, A ls the 
electrical force of relaxation, and A 2 , the ordinary force of electro¬ 
phoresis, i.e ., the viscous force exerted on the ions due to the 
action of the applied electric force on the ionic atmosphere. 
Both A-l and Aa are expressed as molecular conductivities. The 
values of A 0 , A x and A 2 for different electrolytes, are given below, 
C, the concentration being expressed in gram-molecules per litre 
of solution. Concentration, mobility of ions, dielectric constant 
and temperature all influence conductivity dispersion. 


Electrolyte. 

Temperature 

°C. 

*0 

K- 

X 2 

KC1 

18 

130 

29-1 X 

Id 

> s 

50-5 x •y / cr 

HC1 

18 

380 

85-2 

50*5 „ 

LiCl . 

18 

98 

22-0 

51 

50-5 „ 

MgCl 2 . 

18 

222 

150 

5 * 

262-4 „ 

MgS0 4 . 

18 

229 

410 

5 J 

404*0 „ 

LaCl 3 . 

18 

345 

524 


743-0 „ 

K 4 Fe(CN) 8 . 

25 

680 

1440 

»> 

1890-0 „ 

Ca 2 Fe(CN) 8 . 

25 

620 

3920 


2485-0 „ 


* Ann. d. Phys. 6, 253 (1930). 
t Journ. Phys . Chem ., 33, 1121 (1929). 
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The effect has also been, investigated by Rieckhoff,* Brendel, 
Mittelstaedt and Sack f and by Deubner.J The frequencies 
employed were round about 10 7 per second. 

13. Superconductivity. Kamerlingh Onnes § found that, with 
mercury, instead of a continuous decrease of resistance with fall 
in, temperature, there was a sudden disappearance of the resistance 
in the neighbourhood of the boiling-point temperature of liquid 
helium, 4-2° K. Within a temperature range of less than 0*02°, the 
resistivity dropped from a perfectly definite value (about 0-0005 of 
its value at 0° C.) to a value less than, he could detect with a sensitive 
galvanometer, certainly less than 10“ 9 times its value at 0° C. 

It was found later that other metals exhibit this property, tin at 
3 -8° K., lead at about 6° Iv., thallium at 2-47° K., indium at 
3-41° gallium at 1-1° K., and tantalum at 4-2° K.|| 

Recently, van Aubel, dc Haas and Voogd *[[ have measured the 
resistance of compounds of two metals in which one of the com¬ 
ponents belonged to the superconducting metals. They examined 
rods of Cu 3 Sb, Ag 3 Sb, Ag 3 Sn, Cu 3 Sn, Bi 5 Tl 3 , and SbSn between 
273° K. and 14° K. The resistance of Cu 3 Sb and Ag 3 Sb varied 
slightly with temperature, decreasing less than that of their com¬ 
ponents. At temperatures in the neighbourhood of liquid helium, 
superconductivity was developed in the resistances of Bi 5 Tl 3 , 
SbSn, and Sb 2 Sn 3 . The rod of Bi 5 Tl 3 became superconducting 
even above the boiling-point temperature of helium, although 
thallium only becomes superconducting at 2*47° K., and bismuth 
retains its full resistance down to 1-5° K. In the cases of SbSn 
and Sb 2 Sn 3 the resistance began to fall rapidly at higher tem¬ 
peratures than with pure tin, 3-8° K. So that in all three sub¬ 
stances superconductivity is more easily induced than in their 
superconducting components. This peculiarity is not, however, 
a general rule. 

* Ann. d. Phys 2, 577 (1929). 

f Phys. Zeits., 30, 576 (1929), 32, 327 (1931). 

% Ibid., 30, 946 (1929). 

§ Comm. Phys. Lab. Leiden, No. 120 ; No. 133- 

|| Ibid., Nos. 160, 167, 193 ; Meissner, Naturwiss., 17, 390 (1929) ; Phys. 
Zeits., 29, 897 (1928) ; McLennan, Howlett and Wilhelm, Trans. Roy. Soc., 
Canada, 23, 287 (1929). 

‘f Comm. Phys. Lab. Leiden , No, 193. 
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McLennan, Allen and Wilhelm * made determinations of the 
superconducting temperatures of alloys containing either Bi or 
Sb, and from the results it was concluded that non-superconductors 
alloyed with superconductors do not appreciably affect the 
superconductivity. 

Recently, Meissner and Franz f have measured the supercon¬ 
ductivity of some carbides and nitrides. Most show the effect, 
some of them at a temperature as high as 10° K. 

The disappearance of the resistance of all superconductors, 
when measured with small current densities, takes place 
at a very definite temperature, but when very large current 
densities are used, the critical temperature is considerably 
lowered. It seems that for each current density there is a 
certain critical temperature, and for each temperature a cer¬ 
tain threshold current below which the resistance vanishes. In 
some cases current densities as great as 900 amperes per 
square millimetre can be used without producing appreciable 


resistance. 

Superconductivity is also disturbed by a magnetic field, the 
effect being determined by the temperature, and by the 
direction of the field with regard to the windings of the wire. 
Tuyu and Onnes J investigated this effect on the superconduc¬ 
tivity in the cases of lead, tin and indium. They found that these 
substances remained superconducting until a certain, critical fie d 
strength, (‘.ailed the magnetic threshold value, was reached, and then 
suddenly showed a considerable resistance, which increased 
gradually with further increase in the field strength. Silsbee § 
suggested that the magnetic threshold value and the threshoid 
current arc directly connected by the relationship that the lattei 
is the value of the current at which the magnetic field, due o e 
current itself, is equal to the magnetic threshold value. The 
importance of this hypothesis is evident, as its correctness wou d 
account for the current threshold value. Experiments are m 


* Boy. Soc. Canada, Trans., 24, 25, 53 (1930). 
t Zelts.f. Phys 65, 30 (1930)- 174t 

I B C SuXndtds?Sn^ Papers, No. 307 (1917). 
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good agreement with the hypothesis. Tuyn and Onnes found the 
following relationship : 

H\ = h{T 2 - T% 

where is the magnetic field which restores half of the resistance, 
measured at a temperature T, h , a constant and T s , the vanishing- 
point temperature, the value of which varies with the metal. 
The measurements were made on micro-crystalline wires, in fields 
which were gradually increased in strength at constant tempera¬ 
ture ; the direction of the magnetic field was transverse to that 
of the current. 

Tuyn * has also investigated the effect of a magnetic field on 
the superconductivity of thallium. The method used was that 
of compensating the potential at the extremities of the known 
and unknown resistance, connected in series, by the aid of a special 
compensation apparatus. From the potential differences, he 
calculated resistances as if Ohm’s law were valid below the 
threshold temperature. With the magnetic field transverse to 
the direction of the current, the following results were obtained : 

Temperature K . 2-47° 2-21° 2-19° 1-85° 1-83° 

(gauss) 0 31 34 65 67 

With thallium, the transverse effect does not satisfy a quadratic 
relation as closely as in the case of tin. Deviations up to 5 per 
cent, are found between the observed values and those calculated 
from the equation : 

= — 25-4 T 2 4- 154-9. 

The constant h appears to be larger than for tin and indium. 

It has been found that with the magnetic disturbance of the 
superconductivity of tin and mercury, hysteresis phenomena 
appear in the change of resistance. If the magnetic field strength 
is increased, the resistance value is regained at a higher field 
strength than that at which it disappeared in a decreasing magnetic 
field.f De Haas and Voogd$ found that this hysteresis phe- 

* Comm. JPhys . Lab. Leiden , No. 191. 

f See Sizoo, de Haas and Onnes, Comm. Phys. Lab. Leiden, No. 180. 

t Ibid., No. 191. 
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ixomenon appears in all superconducting metals. It seems to 
occur most markedly when there are large crystals, and when 
the magnetic field is homogeneous. 

De Haas and Voogd * investigated the magnetic disturbance of 
the superconductivity of Bi 5 Tl 3 and found that the value of 
increases more rapidly with decreasing temperature than in the 
case of pure superconductors. This unexpected result may 
become of use in magnetic researches because of the high values 
of found for Bi 5 Tl 3 . 

After the discovery of superconductivity the idea of micro¬ 
residual resistance was introduced. An. upper limit of this was 
taken to be the quotient of the minimum perceptible potential 
difference and the current threshold value, assuming Ohm’s law 
to be valid. In this way, with a small coil only 1 cm. long, con¬ 
taining 1,000 windings of lead wire, which remained super¬ 
conductive even when 0-8 amp. was passed, it was found that: 
Resistance at 1-8° K. = Q g x 10 _ 10 
Resistance at 273° K. 

for lead at 1*8° K. According to Silsbee’s hypothesis, the effect 
of the magnetic field of the current comes into play and gives an 
apparent micro-residual resistance, even if the real resistance of 
the superconductor were rigorously zero. 

If the minimum perceptible potential is V, the threshold current 
i, and the limit of the apparent micro-residual resistance R, then : 

V 


2 i 

where H 


and if we take i equal to the value obtained from H ^ 

is the magnetic threshold value (due to a straight wire of radius r) 
H = h x (T s 2 — T 2 ), 


and then 


R 


2V 

rH 


2V 


h x r(T s 2 - T 2 )' 

Thus the relation for R is rather complicated, but the theory 
gives a qualitative explanation of the observed phenomena 
* Ibid., No. 199 ; see also No. 214. 
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whereby the magnetic field of the threshold current produces an 
apparent micro-residual resistance. 

Several explanations * of superconductivity have been advanced, 
but it cannot be said that any of them are entirely satisfactory. 
Kapitza f supposes that the main cause of the phenomenon lies 
in the mechanism which makes his additional resistance disappear. 
He supposes that this additional resistance is very similar to the 
one produced by a magnetic field, distributed at random in the 
metal, and it is natural to expect that the disappearance of the 
additional resistance is made more difficult when the field is large. 
This explains the influence of the magnetic field on the threshold 
temperature of superconductivity which, according to Kapitza’s 
views, moves to lower temperatures in a magnetic field, this shift 
of the threshold temperature increasing as the magnetic field 
becomes stronger. From his experiments he found that a strain 
set up in the metal is equivalent to an increase in the disturbing 
internal magnetic field, and this again should move the threshold 
of superconductivity to lower temperatures. Such an effect was 
actually observed by Kamerlingh Onnes in tin and indium. 

Kapitza suggests that by affecting the chemical and physical 
state of the metal, e.g., by means of very careful crystallisation and 
by avoiding all possible strains, superconductivity may be 
produced in all metals. 

Bartlett ± criticises this suggestion, and proposes a super¬ 
conductivity model which gives a qualitative picture of most of 
the facts. The crystal is supposed to be composed of two systems, 
the lattice with its characteristic vibrations, and the electron 
system, considering the lattice ions at rest. These systems can 
be treated by wave mechanics, and it may be assumed that in 
the superconducting state the lattice has not sufficient energy to 
impart it in the form of kinetic energy to the electrons, but that 
the latter may change their magnetic energy. As a result, there is 
little or no electrical resistance. Kapitza § points out certain 

* See Lindemann, Phil. Mag., 29, 127 (1915) ; Thomson, ibid., 30, 192 
(1915). 

t Proc. Roy. Soc., A, 123, 356 (1929). See also section 23, Chapter VII. 

t Nature , 123, 869 (1929). 

§ Ibid. 
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difficulties which arise in applying Bartlett’s theory, which he 
considers a very interesting one, requiring to be worked out and 
tested by experiment. It does not account for the suddenness 
with which superconductivity appears. Meissner and Scheffers * * * § 
also criticise Kapitza’s theory of superconductivity. 

Houston f has shown that electrical resistance is caused by the 
diffraction of electron waves, the irregular motion of the ions of the 
crystal lattice, due to temperature energy, causing a general 
scattering of the waves in all directions. Frenkel and Mirolubow,J 
using the work of Brillouin § on the scattering of light, find that 
the resistance should increase with the third power of the tempera¬ 
ture at very low temperatures. 

All these treatments are based upon the idea that the resistance 
of a metal is due wholly to the temperature motion of the ions in 
the crystal lattice. Hence, if the resistance becomes zero at the 
absolute zero of temperature, it must be assumed that the 
temperature motion of the ions also becomes zero at this point. 
But it is almost certain that this is not the case. On the one hand, 
the quantum theory in its present form indicates that a harmonic 
oscillator in its lowest state possesses a half-unit of energy, i.e ., 
E 0 — \hv, and, therefore, presumably a considerable amount of 
motion. On the other hand, the experiments which have been 
made to determine the intensity of the X-ray diffraction pattern, as 
a function of the temperature, seem to point rather clearly to 
the existence of zero-point energy, and a zero-point motion of the 
system. || 

Houston % too, has pointed out that it is necessary to take into 
account the restrictions placed upon the electron scattering by the 
quantum statistics. Then the Brillouin treatment of wave 
scattering gives a very satisfactory law of the temperature 
dependence of resistance, and explains the fact that the resistance 
of a pure metal becomes zero at the absolute zero of temperature. 

* Phys . Zeits 30, 827 (1929). 

t Phys . Reo., 34, 279 (1929). 

X Zeits.f. Phys., 49, 885 (1928). 

§ Ann. d. Phys., 17, 88 (1922). 

II See James, Waller and Hartree, Proc. Roy. Soc ., A, 118, 334 (1928). 

% Loe. cit . 
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No theory of electronic conductivity, so far advanced, seems to 
account adequately for the phenomenon of superconductivity ; 
in fact, the greatest difficulty lies not so much in explaining the 
superconducting state, as in accounting for the sudden way in 
which it appears. 
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Absorption of cosmic rays, 228 
of gamma rays, 225 
of sound, 119, 120 
Accommodation coefficient, 78 
Acoustical impedance, 134, 140, 142 
line, 139 
Acoustics, 97 
architectural, 118 
of the ear, 117 
Additional resistance, 315 
Adsorption, ionic, 86, 88 
on solids, 90 

Air waves, propagation of, 101 
Akulov’s theory of ferromagnetism, 320 
American system of sea-depth 
measurement, 124, 126 
Amplification of sound, 122 
Angle of descent, sound, 101 
of incidence method, wireless, 161 
Anomalous dispersion of X-rays, 200 
Anti-Stokes’ lines, 178, 182 
Atmosphere, ionic, 347 
Atmospheric electricity, 331 
ionisation, 158, 162, 163, 166, 332 
ozone, 335 
waves, 159 

Atom, magnetic moment of, 
diamagnetic, 250 
ferromagnetic, 287 
paramagnetic, 240 
Atomic heats, 32, 152 
nucleus, magnetic moment of, 248 
orientation, 242 

rays, magnetic deflection of, 242 
susceptibility, 252 
Atoms, angular momentum of, 
magnetic properties of, 236 
states of, 236 
wave characteristics of, 17 
Audibility zones, 101, 103 
Avogadro’s constant, 206, 208 

Band pass wave filter, electrical, 139 
Band spectra, branches of, 172 


Band spectra, infra-red, 168 
oscillation, 169 
oscillation-rotation, 171 
rotation, 169 
Barkhausen effect, 303 
Becker’s theory of ferromagnetism, 321 
Binaural compensator, 126 
Bohr magneton, 240, 241, 246, 248,249, 
269, 299 

Boltzmann’s constant, 25 
Bose-Einstein statistics, 23 
Bragg’s formula for specular reflection, 
8, 13, 209 

British system of sea-depth 
measurement, 129 

Calorimeter method for X-ray wave¬ 
lengths, 204 
Capillary curve, 87 
Change of state, pressure effect, 61 
Characteristic X-rays, 201 
Classical statistics, 23 
Clausius-Mossotti relation, 325, 326 
Cold discharge, 50 
Complex ions, susceptibility of, 276 
Compliance, 140 

Compressibility pressure effects, 56, 58, 
60, 62 

Compton effect, 1, 217, 226 
Condensed films, 84 
layer, ionic, 87 
Conduction dispersion, 358 
electrical, of metals, 37, 311 

in intense magnetic fields, 311 
electrolytic, 339 
theories of, 345 
thermal, of metals, 37 
Conductivity, equivalent, 340 
Constants, physical. See Physical 
Constants. 

Contact potential difference, 40 
Corpuscular rays, 231 
Cosmic rays, 226 

absorption of, 228 
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Cosmic rays, nature, 231, 338 
origin, 228 
wave-length, 229 
Critical field, 313 
potential, 203 

temperature of ferromagnetics, 282 
Crystal structure of ferromagnetics, 291 
Crystals, compressibility of, 60 
diamagnetism of, 260, 266 
diffraction of electrons, 4 
of X-rays, 196 
of 7 -rays, 225 

number of molecules per cubic 
centimetre in, 206 
paramagnetism of, 266 
single, magnetisation of, 290 
magneto-resistance in, 308 
structure of, 91, 196, 205 
Curie-point (temperature), 265, 268, 288 
of ferromagnetics, 285, 293, 299, 
302, 323 

Curie’s constant, 264, 268 
law, 263 

Curie-Weiss law, 265, 268, 272, 275, 280 
Cybotapis, 223 

Debye’s constant of specific heat, 153 
equation for polarisation, 326,327,329 
theory of electrolytic conduction, 346 
of specific heats, 153 
Degeneracy of a gas, 24, 29, 132 
Depolarisation of light, 183 
Depths at sea, measurement of, 124, 
126, 128, 129 

Diamagnetic moment of atom, 247, 250 
Diamagnetism, 250 
of crystals, 260 
of gases, 254 
of ions, 256 
of molecules, 259 
of paramagnetic elements, 261 
of solutions, 255 
theory of, 250 
Dielectric constant, 325 * 

of electrolytic solutions, 87, 354 
of gases, 327 
of liquids, 329 

variation with frequency, 329 
Diffraction bands in liquids. X-ray, 92, 
222 

of electrons, 2, 4, 13, 15 
applications, 15 
of X-rays, 5, 7, 90, 196 
with crystals, 196 
with gratings* 5, 7, 198 


Diffuse double-layer, 86 
Dipole, 325 

Dispersion curves. X-rays, 216 
in electrolytic solutions, 358 
of X-rays, 216 

Distribution function, 22 , 24, 27, 29 
for degenerate gas, 26 
for electron gas, 33, 45, 49 
Maxwellian, 27, 29, 45 
Domains, magnetic, 280, 284, 304 
Doublet, electrical (dipole), 325 
permanent, 325, 326 
Drift of ether, 233 
Duane-Hunt law, 207 

Ear, acoustics of, 117 
Echo ranging and sounding, 124 
Echos, wireless, 165 
Effusion of gases, 77 
Elasticity, pressure effect on, 63 
Electric waves, 158 
ultra-short, 166 
Electrical charge, unit of, 206 
conduction of metals, 37 

in strong magnetic fields, 311 
pressure effect on, 64 
moment at interfaces, 87 
of molecules, 325 
resistance, theory of, 37, 66 , 364 
wave filters, 137 
Electricity, atmospheric, 331 

conduction of through solutions, 339 
Electrification at interfaces, 86 
Electro-acoustics, 133 
Electrolytes, strong, theory of, 349 
Electrolytic conduction and 
concentration, 351 
solutions, theory of, 339, 345 
dielectric constant of, 354 
dispersion of, 358 
Electromagnetic radiations, 158 
Electromotive force and ferromagnetism, 
299 

Electron emission in strong magnetic 
fields, 50 
gas, 31 

Fermi distribution, 33, 45, 49 
susceptibility of, 35 
spin, 32, 237, 248 
theory of metals, 30 
waves, 4, 37 
existence of, 19 
polarisation of, 14 
Electrons, diffraction of, 2, 4, 13, 15 
applications, 15 
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Electrons, high, speed, 231 
interaction of, 53 
recoil of, 218 

reflection of, 10. See also Diffraction 
of Electrons, 
refraction of, 11 
specific heat of, 31, 33 
e/m, values of, 208 
Energy states, 24, 27, 187, 236,246 
zero point, 25, 29, 32 
Equivalent conductivity, 340, 352 
Ether drift, 233 

Ewing’s theory of ferromagnetism, 
317 

Expansion of ferromagnetics, 302 
thermal, pressure effect on, 59 
External work function, 41 

Fading of wireless reception, 160 
Fermi-Dirae statistics, 24 

applications of, 26, 30, 37, 38, 39, 
45, 48, 51, 52 

distribution function, 26, 33 
Ferromagnetics, anomalous expansion 
of, 302 

atomic moments of, 287 
Barkhausen effect, 303 
change to paramagnetics, 285 
crystal structure of, 291 
electromotive force of, 299 
gyromagp.etic effect. 306 
3Magiieio-meclian:< aI phenomena, 300 
resistance phenomena, 307 
thermal phenomena, 293 
specific heat of, 293 
Ferromagnetism and temperature, 283 
theories of, 280, 316 
Fessenden method of sea - depth 
measurement, 124 
Filins, 79 

condensed, 84 
gas, 83 

liquid-expanded, 84 
orientation of molecules in, 82, 83, 90 
Filters, wave, acoustical, 139, 141 
electrical, 136, 138, 139, 140 
Fish tracks, 220 
French system of sea-depth 
measurement, 128 
Function, distribution, 22 
external work, 41 

Gadolium sulphate, susceptibility of, 
275, 277, 310 

Gaede’s mercury vapour pump, 69 


Gamma rays, 224 

Gans’ theory of ferromagnetism, 318 
Gas, degeneracy of, 24, 29 
distribution, function of, 26 
electron, 30 
film, 84 

flow of, at low pressures, 76 
Gases, dielectric constant of, 327 
effusion of, 77 
electrical moments, 328 
infra-red spectra, 173 
pressure effects, 56 
Raman effect, 183 
susceptibility of, 254, 279 
velocity of sound in, 104 
Gauge, ionisation, 74, 76 
Knudsen’s, 14S 

Gerlach and Stern’s experiment, 244 
German method of sea-depth 
measurement, 124 
Ground wave, 159, 166 
Group-retardation method, wireless, 161 
Gyromagnetic effect, 306 

Heaviside layer. See Kennelly- 
Heaviside Layer. 

Heisenberg’s theory of ferromagnetism 
302, 322 s 

Helium, liquid, vapour pressure, 149 
solid, melting-point temperature, 147 
High-frequency pass, acoustical wave 
filter, 141 

electrical wave filter, 139 
vibrations, 104 
waves, properties of, 114 
High-pressure effect on change of state, 
61 

on compressibility, 56, 60 
on elasticity, 63 
on electrical resistance, 64 
on gases, 56 
on liquids, 58 
on solids, 60 

on thermal conduction, 63 
electromotive force, 66 
expansion, 59 
viscosity, 62 

High-vacuum pumps, mercury, 67 
oil, 72 

technique, 67 
Horns, theory of, 134 
Hot-wire microphone, 101 
Hydrogen, two types of, 176, 184 
Hydrophones, 97 

Hyperfine structure of lines, 248, 249 
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Ideal resistance, 315 
Impedance, acoustic, 134, 140, 142 
Inertance, 140 
Infra-red spectra, 167 

bands, oscillation, 167 
oscillation-rotation, 171 
rotation, 169 
theory of, 169 
of gases, 173 
of liquids, 174 
of solids, 175 

Inner quantum number, 239 
Intense magnetic fields, 309 

and electrical conduction, 311 
Intensity of scattered radiation, 220 
of sound, 115 

Interaction of electrons, 53 
Interface, electrical moment of, 87 
Interfacial electrification, 86 
orientation of molecules, 82, 90 
Interferometer, ultra-sonic (high- 
frequency), 113 
Interionic forces, 345, 346, 356 
Internal magnetic field, 265 
International temperature scale, 143 
Intrinsic potential difference, 40 
Ionic adsorption, 86 , 88 
atmosphere, 347, 357 
Ionisation gauge, 74, 76 
in atmosphere, 158, 162, 163, 166,332 
in solutions, 185, 340, 349, 353 
Ions, radius of, 341, 343, 344 
solvation of, 340 
susceptibility of, 256, 271 

Kennelly-Tieaviside layer, 158 
height of, 160, 162, 334 
layers, 163 
Knudsen gauge, 148 
Kossel’s law, 276 

Land6 splitting factor, 241 
Lange vin’s function, 263 
theory of paramagnetism, 262,267,276 
Larmor precession, 238, 250 
Light, velocity of, 232 
Lightning, 339 
Liauid-expanded films, 84 
Liquids, dielectric constant of, 329 
diffraction of X-rays in, 222 
infra-red spectra of, 174 
pressure effect, 58 
Raman effect in, 185 
velocity of sound in, 97, 113 
viscosity of, 92 


Low-pass acoustical wave filters, 140 
electrical wave filters, 138 
Low pressures, flow of gas ai, 76 
measurement of, 74, 76, 148 
production of, 67 
temperatures, 145, 147 
specific heat at, 152 
Lubrication, 92 

Macroscopic state, 21 
Magnetic domains, 280, 284, 304 
fields, emission of electrons in, 50 
intense, 309 

effect on electrical resistance, 311 
superconductivitjr. 360 
Magnetic moment of atom, 251 
of nucleus, 248, 249 
properties of atoms, 236 
quantum number, 238 
susceptibility, 250 
threshold valve, 360 
Magnetisation of single crystals, 290 
spontaneous, 281/283 
Magnetism, 236 

Magneto-mechanical effects, 300 
Magneton (Bohr), 240, 246, 248. 249, 
260, 270, 299 

(Weiss), 267, 270, 273, 287, 307 
Magneto-resistance effects, 307 
Magnetostriction, 300, 305, 320, 322 
Magneto-thermal phenomena, 293 
Mahajani’s theory of ferromagnetism, 
319 

Manometers for low pressures, 74, 
148 

Mass susceptibility, 252, 263 
Matter waves, 4 

wave-like characteristics of, 1 
Maxwellian distribution, 27, 29, 45 
Mechanics, quantum, 2 
statistical, 21 

Melting-point temperature of solid 
helium, 146 
hydrogen, 147 
Mercury vapour pumps, 67 
Metals, electron theory of, 30 
para-susceptibility of, 34 
vapour pressure of, 77 
Michelson-Morley experiment, 233 
Microphone, hot-wire, 101 
Micro-residual resistance, 362 
Microscopic state, 21 
Molecular magnetic field, 265 
polarisability, 326 
susceptibility, 250, 256, 26$ 
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Molecules, diamagnetism of, 259 
electric moment of, 328 
polarised, 325 
wave characteristics of, 17 

Navigation of ships, 129, 132 
Nernst’s heat theorem, 29 
New statistics, 23 

Nucleus, magnetic moment of, 248, 249 
Nul-point energy, 25, 29, 32 

Oceanic type of echo-sonnding 
apparatus, 130 
Oil pumps, high vacuum, 72 
Optical recording of sound, 135 
Orientation of atoms in space, 242 
of molecules, 326, 330, 354 
of molecules in films, 82 
Ortho-hydrogen, 176, 184 
Oscillation bands in infra-red, 169 
rotation bands, 171 
Oscillator, piezo-electric, 111 
Ozone in atmosphere, 335 

Para-hydrogen, 176, 184 
Paramagnetic elements, diamagnetism 
in, 261 

Paramagnetics, gyromagnetic effect in, 
307 

Paramagnetism, 262 
of ions, 271 
of metals, 34 
of salts, 272 
theory of, 263, 267 
Paschen-Baek effect, 240 
Peddie’s theory of ferromagnetism, 317 
Peltier coefficient, 52 
Phase space of a system, 22 
Photomicrography, 194 
Phonic chronometer, 132 
Photo-electricity, 47 
Photo-electric method for X-ray wave 
lengths, 201 
threshold, 48 
Photons, 1, 2, 19, 232 
Physical constants, 205 
Piezo-electricity, 104 
Piezo-electric oscillator. 111 
resonator, 108, 109 
stabiliser, 110 
Planck'S constant, 1, 24 
Platinum thermometry at low 
temperatures, 150 
Polarisation of electron waves, 14 
of media, 325 


Potential difference, 39, 40 
at interfaces, 86 
effect in electrolytes, 356 
Pressure, surface, 83 
Pressures, high. See High Pressures, 
low, measurement of, 74 
production of, 67 
Primary spreading, 80 
Propagation of air waves, 101 
Pumps, high vacuum, 67 

Quantum mechanics, 2 
numbers, 237, 242 
Quartz oscillator, 109, 111 
plates, high-frequency vibrations in, 
104 

resonator, 107, 109 
stabiliser, 110 

Radiations, electromagnetic, 158 
Radio-acoustical method of sound¬ 
ranging, 131 
Raman effect, 178 
in gases, 183 
in liquids, 185 
in solids, 186 
technique of, 180 
theory of, 186 
lines, intensity of, 182 
width of, 183 

Range of electromagnetic radiations, 
158 

of explosive sounds, 100 
Ranging, sound, 123 
Recoil of electrons, 218 
Reflection method of depth 
measurement at sea, 126 
of electrons. See Diffraction of 
Electrons. 

Refraction of electrons, 11 
of wireless waves, 158 
of X-rays, 200, 209, 210 
Refractive index of crystals, 200 
Relaxation, electric force of, 357 
oscillation, 133 
time of, 330, 357 
Reproduction of sound, 135 
Resistance, electrical, additional, 315 
at low temperatures, 150, 359 
ideal, 315 

in strong magnetic fields, 312 
pressure effect on, 64 
theory of, 364 
micro-residual, 362 * 
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Resonator, piezo-electric, 109 
quartz, 107, 109 
steel, 110 

Reverberation, theory of, 118 
Rocking curves, 213 
Rotation bands in infra-red, 169 
Rydberg’s constant, 207 

Salting-out process, 340 
Scattered radiation, intensity of, 220 
Scattering of X-rays, 217 
of -y-rays, 226 

Sea, velocity of sound in, 97 
Sea-depths, measurement of, 124 
Secondary spreading in films, 80 
Sensation, scale in sound, 116 
Single crystals, excitation of X-rays 
from, 204 

magnetisation of, 290 
magneto-resistance effects, 308 
susceptibility of, 260 
Soft X-rays, 201 
Solid helium, 146 
hydrogen, 146 
Solids, adsorption on, 90 
effect of pressure on, 60 
infra-red spectra of, 175 
Raman effect in, 186 
Solutions, conduction of electricity in, 
339 

susceptibility of, 255 
Solvation of ions, 340 
numbers, 342 
Sound, absorption of, 120 
amplification of, 122 
intensity of, 115 
optical recording of, 135 
ranging, 123, 124, 126, 131 
reproduction of, 135 
sensation scale, 116 
velocity of, in gases, 104, 112 
in liquids, 97, 113 
Sounds of long range, 100 
masking of, 117 
Space quantisation of magnetic 
numbers, 243 
Specific heat, 29, 32 

at low temperatures, 152, 153 
of electrons, 31, 33 
of ferromagnetics, 293 
Spectra, infra-red, 167 

bands, branches of, 172 
oscillation, 169 
oscillation-rotation, 171 
rotation, 169 


Spectra, of gases, 173 
of liquids, 174 
of solids, 175 

overlapping of ultra-violet and X-ray, 
194 

ultra-violet, 188, 193 
Spectrographs for ultra-violet region, 
189, 193, 197, 199 
Spin of electron, 32, 34, 237, 248 
Splitting factor, 241 
Spontaneous magnetisation, 281, 283 
Spreading of films, 79 
Stabiliser, piezo-eleetric, 110 
State, or phase, space of a system, 
22 

change of, effect of pressure on, 61 
States, energy, 24, 187, 236, 246 
Statistical mechanics, 21 
Statistics, Bose-Einstein, 23 
classical, 23 
comparison of, 29 
electron theory of metals, 30 
Fermi-Dirac, 24 

applications of, 26, 34, 37, 39, 45, 
47, 50, 51 

Stokes’ law, 341, 343 
lines, 178, 182 
Superconductivity, 37, 359 

effect of magnetic field on, 360 
of alloys, 359, 362 
theory of, 363 
Surface films, 79, 89 
pressure, 83 
tension, 79 

Susceptibility (diamagnetic), 250 
and electron structure, 36, 254 
atomic, 252, 263 
experimental results, 253 
ionic, 256 
mass, 252, 263 
molecular, 256 
of crystals, 260 
of gases, 254 

of ions and atoms, 253, 257, 271 
of solutions, 255 
variation with direction, 261 
volume, 252, 263 
Susceptibility (paramagnetic), 34 
at low temperatures, 276 
of complex ions, 276 
of gases, 279 
of metals, 34, 35 
of salts, 272 
of rare earths, 275 
variation with direction, 266 
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Susceptibility (ferromagnetic), 283 

atomic moments of feiTomagnetics, 
287, 306 

critical temperature, 282 
spontaneous magnetisation, 281, 
283 

temperature effects, 285 
theory of, 281 

variation with direction, 290, 
300 

Temperature scale, international, 143 
Temperatures, low, 145, 147 
specific heat at, 152 
melting point of solid helium, 146 
hydrogen, 146 
standard, 144, 147 
Thermal conduction in metals, 37 
pressure effects, 63 
expansion, effect of pressure on, 59 
transpiration, 148 
Thermionic constants, 43 
Thermionics, 45 

Thermo-couples at low temperatures, 
149 

Thermo-electric force at very low 
temperatures, 150 
phenomena, 51 

pressure effects, 66 

Thermometry, platinum, at low tem¬ 
peratures, 150 
Thomson coefficient, 53 

at low temperatures, 156 
Threshold current, 360 
magnetic, 360 
Thunderclouds, 335 
Thunderstorms, 337 
Total reflection of X-rays, 198, 216 
Transference numbers, 342 
Trans mis sion unit, 116 
Transport of water, 342 

Ultra-short wireless waves, 166, 167 
Ultra-sonic interferometer, 113 

waves, 112, 114. See also High- 
Frequency Waves. 

Ultra-violet photomicrography, 194 
region of spectrum, 188, 193, 194 
Undograph, 102 
Unit of electrical charge, 206 
transmission, 116 


Vacuum spectrograph, 189,193, 197,199 
Vapour pressure of liquid helium, 149 
of metals, 77 
Velocity of light, 232 

of sound in gases, 104, 112 
of sound in liquids, 97, 113 
of sound variation with frequency, 114 
Vibration, measurement of amplitude 
of, 117 

Vibrations, high-frequency, 104 
Viscosity of liquids, 92 
pressure effects, 62 
Volta effect, 40 

Volume susceptibility, 252, 263 

Water transport, 342 
Wave filters, acoustical, 139 
electrical, 136 

Wave-lengths, ultra-violet, 193 
X-rays, 196, 198, 201, 204 
Wave-like character of atoms, 17 
of electrons, 4 
of matter, 1 

Wave mechanics. See Quantum 
Mechanics, 
packets, 19 

Waves, electric, 158, 159 
electron, 2, 4, 11, 14, 15, 19, 37 
matter, 1, 4, 19 

ultra-sonic (high-frequency), 112, 114 
Wien effect, 356 
Wireless echoes, 165 

wave front, structure of, 164 
waves, 158, 166, 167 
fading of, 160 

X-rays, diffraction of, 5, 7, 90, 91, 196, 
222 

of in liquids, 92, 222 
dispersion, 216 

excitation of characteristic, 201 
refraction of, 200, 209, 210 
scattering of, 217 
soft, 201 

total reflection of, 198, 216 
wave-lengths, 196, 198, 201, 204 

Zeeman effect, 238, 240, 246, 248 
Zero-point energy, 25, 29, 32 
Zones of audibility, 101, 103 
of silence, 100 
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